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ABSTRACT 


Title  of  Dissertation:  A  Thapsigargin-lnsensitive  Intracellular  Calcium 
Sequestering  Compartment  in  Rat  Brain 
William  D.  Watson,  Ph.D..  2000 

Thesis  directed  by:  Ajay  Verma,  M.D./Ph.D.,  Assistant  Professor  Department  of 
Neurology 

Calcium  plays  a  central  regulatory  role  in  the  normal  function  of  all  cells. 
Electrical,  secretory,  and  metabolic  activities  of  cells  in  the  brain  require  fine 
control  over  ionized  cytoplasmic  calcium  levels.  Intracellular  calcium  levels  are 
controlled  by  a  diverse  set  of  cytoplasmic  and  membrane-associated 
mechanisms  including  calcium  binding  proteins,  channels,  pumps,  and 
exchangers.  The  endoplasmic  reticulum  (ER)  calcium  stores  have  a  major 
impact  on  neuronal  intracellular  signaling.  Most  of  the  ER  in  neurons  and  glia 
appears  to  accumulate  calcium  by  energy  driven  ion  pumps  known  as 
sarco/endoplasmic  reticulum  calcium  ATPases  (SERCAs),  which  are  potently 
and  selectively  inhibited  by  thapsigargin.  However,  the  ER  represents  a 
heterogeneous  network  of  cistemae  in  which  calcium-accumulating 
subcompartments  may  be  spatially  and  functionally  distinct.  We  describe  here 
the  characterization  of  a  novel  calcium  accumulating  subcompartment  of  rat 
brain  ER,  which  is  insensitive  to  thapsigargin.  This  compartment  accumulates 


calcium  in  a  magnesium  and  ATP-dependent  manner  and  is  distinguished  from 
thapsigargin-sensitive  calcium  pools  with  respect  to  anion  permeability,  inhibitor 
sensitivity,  sensitivity  to  calcium  mobilizers,  and  brain  anatomical  distribution. 
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INTRODUCTION 


Intracellular  Ca2*  homeostasis  is  crucial  for  cell  survival. 

The  importance  of  maintaining  cell  Ca2"  homeostasis  is  best  exemplified 
by  the  consequences  of  disturbances  in  Ca2"  compartmentalization.  The  Ca2" 
messenger  system  has  a  central  role  in  mediating  the  contraction  of  all  forms  of 
muscle,  secretion  of  exocrine,  endocrine,  and  neurocrine  products,  regulation  of 
glycogenolysis  and  gluconeogenesis,  intracellular  transport,  secretion  of  fluids, 
and  the  growth  and  division  of  cells.  Perturbation  of  the  Ca2"  messenger  system 
by  disease  and  toxicants  may  place  the  regulation  of  such  cellular  functions 
outside  the  normal  range  of  physiological  control.  Sustained  increases  in 
intracellular  Ca2*  can  also  directly  lead  to  cell  death  via  uncontrolled  activation  of 
Ca2*  stimulated  catabolic  enzymes,  such  as  proteases,  lipases,  and  nucleases, 
and  disruption  of  the  cytoskeletal  network  [15,  69].  In  addition,  excessive 
cytosolic  Ca2*  leads  to  massive  uptake  by  the  mitochondria  resulting  in  formation 
of  free  radicals,  increase  in  mitochondrial  membrane  permeability,  and 
disturbances  in  oxidative  phosphorylation  [76].  Since  the  general  role  of  calcium 
in  cell  death  (“the  calcium  hypothesis”)  was  first  proposed  over  two  decades  ago 
[118],  numerous  studies  have  documented  that  nerve  cells  accumulate 
excessive  Ca2*  when  they  exhibit  cytopathology  [60,  75].  The  central  concept 


that  disrupted  Ca 2*  homeostasis  in  cells  leads  to  cell  death  makes  research  into 
the  complex  mechanisms  that  control  internal  Ca2*  content  in  physiological  as 
well  as  diseased  states  essential. 
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Calcium  is  an  intracellular  second  messenger  with  unique  properties . 

All  cells  contain  elaborate  systems  for  the  spatial  and  temporal  regulation 
of  the  Ca2*  ion,  as  well  as  biochemical  response  systems  that  are,  in  turn, 
regulated  by  changes  in  the  concentration  of  intracellular  Ca2*.  Soluble  and 
membrane  proteins  decode  the  Ca2*  signal  by  complexing  with  it  and  changing 
conformations  to  mediate  many  basic  cell  functions,  including  gene  expression, 
muscle  contraction,  cell  growth  and  division,  vesicular  trafficking,  secretion,  and 
energy  production.  In  resting  cells,  the  cytoplasmic  Ca2*  concentration  is 
approximately  10‘7M  [20].  This  low  resting  concentration  makes  Ca2*  suitable  as 
an  intracellular  messenger  with  small  increases  in  concentration  being  equivalent 
to  large  fractional  changes.  Unlike  other  intracellular  messengers  such  as  cyclic 
AMP,  cyclic  GMP,  diacylglycerol,  phosphoinositides,  nitric  oxide,  or  carbon 
monoxide,  Ca2*  is  unique  in  that  it  cannot  be  readily  created  or  destroyed. 
Therefore,  the  level  of  cytosolic  Ca2*  is  precisely  controlled  via  its  translocation 
across  biological  membranes.  These  mechanisms  remove  Ca2*  from  the  cytosol 
across  the  plasma  membrane  and  into  intracellular  organelles  and  release  Ca2* 
into  the  cytosol  again  for  signaling. 


Rapid  entry  of  extracellular  Ca2*  into  the  cytosol  occurs  along  its 
electrochemical  gradient  via  voltage-gated,  ligand-gated,  and  receptor  operated 
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channels.  Calcium  can  exit  the  cell  via  ubiquitously  expressed,  outwardly 
directed  plasma  membrane  Ca2+-ATPases  (PMCAs),  as  well  as  Na7Ca2*- 
exchangers  found  typically  in  excitable  tissues.  The  two  best  understood 
intracellular  compartments  participating  in  Ca2*  sequestration  are  the 
mitochondria  and  the  sarcoplasmic  (SR)  or  endoplasmic  reticulum  (ER). 
Accumulation  of  Ca2+  into  the  mitochondrial  matrix  is  powered  by  the 
electrochemical  potential  across  the  inner  mitochondrial  membrane.  Under 
physiologic  conditions,  calcium  entry  into  mitochondria  may  activate  matrix 
enzymes  critical  to  mitochondrial  energy  production  [145].  Excessive  Ca2* 
accumulation  during  cell  injury,  however,  may  destroy  mitochondrial  function. 

The  saturation  of  mitochondrial  Ca2*  sequestering  ability  represents  a  key  step  in 
necrotic  cell  death  [76,  77].  The  SR  and  ER  contain  calcium/magnesium 
ATPases,  called  SERCAs  (sarco-endoplasmic  reticulum  calcium  atpases),  for 
rapid,  energy  dependent  sequestration  of  Ca2*.  Their  efficient  uptake  activity 
enables  the  SR-ER  to  act  as  a  Ca2+  sink  for  excess  cytosolic  Ca2*  and  as  a 
source  of  stored  Ca2*  that  can  be  released  upon  stimulation  by  various  second 
messengers.  For  signal-mediated  release,  the  SR  and  ER  contain  second 
messenger-sensitive  Ca2*  release  channels,  which  allow  for  rapid  increases  of 
cytosolic  ionized  Ca2*  levels  to  be  initiated  by  hormone  and  neurotransmitter 
receptor  binding  [26,  65,  73,  122,  123,  136]. 
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Calcium  release  from  SR-ER  pools  is  a  major  event  in  signal  transduction. 

One  of  the  principle  messenger  systems  that  influences  intracellular  Ca2* 
is  the  phosphoinositide  cycle  in  which  hydrolysis  of  phosphatidylinositol  - 
bisphosphate  by  receptor  mediated  activation  of  phospholipase  C  forms  the 
second  messenger,  inositol  1 ,4,5-trisphosphate  (IP3)  at  the  plasma  membrane 
[13,  24,  41].  Diffusable  IP3  mobilizes  Ca2+  from  ER  stores  via  a  specific  receptor 
channel  protein,  which  has  been  localized  in  the  brain  by  autoradiography  [141, 
145]  and  immunochemistry  [114],  purified  [128],  functionally  reconstituted  [37], 
and  cloned  [42].  This  protein  exhibits  regionally  heterogeneous  anatomical 
distribution  in  the  brain  and  appears  to  be  localized  within  cells  to  a  subset  of 
the  ER  at  the  electron  microscopic  level  [114,  121]. 

In  addition  to  Ca2*  release  stimulated  by  IP3  binding  to  IP3  receptor  (IP3R) 
channels,  the  SR-ER  released  Ca2*  can  be  stimulated  by  Ca2*  itself  in  a 
process  referred  to  as  Ca2*-induced  Ca2*  release  (CICR)  [20,  26,  56,  123,  138]. 
During  CICR,  Ca2*  enters  the  cytoplasm  through  plasma  membrane  channels 
or  IP3Rs  and  triggers  Ca2*  release  in  a  feed  forward  process  primarily  mediated 
by  the  ryanodine  receptor  (RyR)  channel  [3,  8,  26,  40,  59,  81,  82,  122]. 
Ryanodine  is  a  plant  alkaloid,  which  binds  tightly  to  the  SR-ER  RyR  channel 
and  holds  it  in  an  open  state  [63].  Experimentally,  the  RyR  channel  can  be 
opened  by  millimolar  levels  of  caffeine  and  several  toxins,  including  ryanodine 
and  cardiotoxic  anthraquinone  doxorubicin  [106].  There  is  no  universally  proven 
endogenous  second  messenger  for  RyRs  other  than  Ca2*  itself.  However,  the 
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endogenous  metabolite  cyclic  ADP  ribose  (cADPr),  a  newly  described  second 
messenger  [43,  80],  has  been  shown  to  enhance  CICR  via  the  RyR  channel  in 
some  permeabilized  cells  [64]  and  may  serve  this  role  more  generally. 

Recently,  other  endogenous  Ca2+  releasers  have  also  been  reported.  These 
mobilizers,  which  include  long  chain  fatty  acids  [50],  coenzyme  A  derivatives 
[38],  and  oleoyl  lyphosphatidic  acid  [143],  may  represent  novel  second 
messengers  that  apparently  cause  Ca2*  release  from  internal  pools.  The  actual 
tissue  specificity,  sub-compartments,  as  well  as  release  channels  that  these 
new  mobilizers  act  upon  remain  unknown. 

Understanding  how  the  RyRs  and  the  IP3Rs  interact  within  cells  to 
control  cytoplasmic  Ca2*  concentrations  has  been  challenging.  Do  these  SR-ER 
receptor  channels  release  Ca2+  from  the  same  or  different  Ca2*  pools?  Using  a 
novel  autoradiographical  procedure  employing  radiotracer  45Ca2*,  Verma  etal. 
found  that  the  location  of  ryanodine-sensitive  Ca2*  pools  matched  caffeine- 
sensitive  Ca2*  pools  as  well  as  3H-labeled  ryanodine  binding  sites  in  the  brain 
[140].  They  also  localized  IP3-sensitive  pools  finding  that  their  regional 
localization  in  brain  is  predominantly  complementary  to  that  of  the  RyRs  [140]. 
Furthermore,  the  intracellular  expression  of  these  receptor-channels  in  neuronal 
ER  is  also  reciprocal  with  RyRs  located  primarily  in  the  soma  [120]  and  IP3Rs 
predominantly  in  the  periphery  [89,  97].  Thus,  the  expression  of  intracellular 
Ca2*  release  channels  is  regionally  as  well  as  sub-cellularly  heterogeneous  in 
the  brain.  The  specialization  of  SR-ER  compartments  with  respect  to  the 
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spatially  distinct  expression  of  these  two  receptor-channels  may  have  profound 
functional  implications.  It  has  been  suggested  that  the  more  central  RyRs 
function  to  amplify  sub-maximal  Ca2*  release  signals  initiated  by  stimulated 
peripheral  IP3Rs  [57].  The  IP3R-gated  and  CICR  mechanisms  have  been 
observed  to  activate  sequentially  [120],  which  may  be  essential  to  the 
generation  of  cytoplasmic  Ca2*  waves  or  oscillations  that  have  been 
documented  in  many  cell  types  [10,  12,  95,  120,  127].  These  cytosolic  Ca2* 
oscillations  are  thought  to  represent  an  intracellular  digital  signal  with  significant 
biological  information  being  encoded  by  the  oscillation  frequency  and  amplitude 
characteristics  [10,  11,  96].  In  this  fashion,  it  is  possible  that  locally  initiated 
Ca2*  release  signals  produced  in  the  cell  periphery  via  the  IP3R  may  be 
amplified  and  broadcast  to  distant  regions,  including  the  nucleus,  via  the  RyR. 

/on  motive  ATPases  power  the  removal  of  calcium  from  the  cytosol. 

The  rapid  removal  of  Ca2*  from  the  cytosol  is  as  important  to  its 
messenger  role  as  is  its  release.  Thus,  following  Ca2*  activated  contraction, 
muscle  relaxation  requires  the  ATP-dependent  removal  of  Ca2+  from  the  cytosol. 
Each  heartbeat,  therefore,  involves  cyclic  Ca2+  release  into  the  cytosol  of 
cardiomyocytes  followed  by  its  removal.  The  ATP-driven  ion-motive  enzymes 
(referred  to  as  ion-motive  ATPases)  involved  in  this  process,  are  believed  to 
have  originally  evolved  to  prevent  cell  swelling  from  the  influx  of  extracellular 
salts  and  water  across  the  semi-permeable  plasma  membrane  [88].  This 
reasoning  reflects  the  fact  that  many  ion-specific  ATPases  resemble  those 
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selective  for  Ca27  and  all  eukaryotic  ATP-driven  pumps  possess  prokaryotic 
counterparts.  Ion-motive  ATPases,  in  general,  couple  the  free  energy  of  ATP- 
hydrolysis  or  synthesis  to  the  translocation  of  ions  across  membranes  and  can 
be  grouped  as  V-,  F-,  and  P-types  [109].  Ion-motive  ATPases  of  the  V-type  are 
those  associated  with  membrane-bound  organelles  other  than  the  ER  and 
mitochondria,  i.e.,  yeast  vacuoles  or  secretory  vesicles.  These  V-type  ATPases 
may  be  involved  in  vesicle  acidification,  and  can  be  specifically  inhibited  by  the 
drug  bafilomycin.  The  F-type  ATPase  class  includes  the  F,F0  types  found  in 
bacteria,  chloroplasts,  and  mitochondria  [4,  53,  119].  The  mitochondrial  F^q 
ATPase  is  an  FT-pump  that  is  generally  thought  of  as  an  ATP  synthase,  but  it 
can  operate  in  either  direction.  It  can  be  selectively  inhibited  by  azide  or 
oligomycin.  ATPases  of  the  P-type  form  covalent  phosphorylated  intermediates 
as  part  of  their  characteristic  reaction  cycle  after  cations  bind  the  pump  at 
specific  high  affinity  sites  [29,  47]. 

Eukaryotic  cells  express  many  types  of  P-type  ATPases,  such  as  the 
Na7K*,  K7IT,  and  Ca2*  pumps  in  the  plasma  membrane.  Vanadate,  an  analog 
of  phosphate,  is  a  general  inhibitor  of  P-type  ATPases  and  helps  distinguish  the 
P-types  from  the  V-  or  F-types  [86].  Several  other  highly  selective  inhibitors 
have  been  discovered  which  act  on  specific  P-type  ATPases.  For  example, 
ouabain  is  an  exclusive  inhibitor  of  the  Na7K*-ATPase  [1,  91],  while  omeprazole 
only  blocks  the  activity  of  the  K7FT-ATPase  [2,  9].  The  plasma  membrane  Ca2+- 
ATPases  (PMCA)  are  Mg2*-dependent  Ca2*-ATPases  ubiquitously  expressed  in 
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eukaryotic  cells  [20],  with  the  human  pump  being  the  product  of  a  multigene 
family  whose  primary  transcripts  are  subject  to  developmental  and  tissue- 
specific  alternative  processing.  The  PMCA  is  a  P-type  ATPase  that  is 
specifically  targeted  for  the  plasma  membrane  and  exports  Ca2*from  the 
cytoplasm.  Eosin  and  carboxyeosin  have  been  touted  as  inhibitors  of  the 
PMCAs,  but  their  effects  have  yet  to  be  thoroughly  examined  on  all  P-type 
ATPases  [23,  125]. 

SERCAs:  a  family  of  P-type  ATPases  involved  in  ER  Ca2*  pumping. 

Like  the  PMCAs,  the  SERCAs  are  a  specialized  family  of  P-type 
ATPases.  These  Mg2*-dependent  Ca2*-ATPases  are  found  in  the  SR-ER  of  all 
mammalian  cells  and  are  essential  to  maintaining  low  cytoplasmic  resting  Ca2* 
content.  SERCAs  undergo  a  reaction  cycle  requiring  ATP  hydrolysis  and 
phospho-enzyme  intermediate  formation  to  transport  Ca2*  from  the  cytoplasm 
into  the  SR-ER  lumen. 

The  SERCAs  are  encoded  by  at  least  three  separate  genes  located  on 
different  chromosomes  [33].  Different  SERCA  isoforms  are  synthesized  via 
alternative  gene  splicing  mechanisms  regulated  by  development  and  tissue 
location.  The  resulting  isoforms  vary  at  the  C-terminus.  All  SERCAs  encode  a 
cytoplasmic  region  containing  a  catalytic  site  and  transmembrane  domains  that 
form  a  channel-like  structure,  which  permits  Ca2*  translocation  across  the 
membrane  [6,  25,  62,  142].  Although  functional  differences  between  isoforms 
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may  exist,  as  best  exemplified  by  SERCA2b  having  a  much  higher  affinity  for 
Ca2+  than  SERCA2a  [137],  the  reason  for  SERCA  isoform  diversity  is  not 
known.  The  SERCA2b  isoform  is  expressed  ubiquitously  and  is  the 
predominant  form  in  the  brain  [16,  84,  98].  The  SERCA3  pump  is  also  found  in 
brain,  as  well  as  in  other  non-muscle  tissues  [18,  146,  147].  The  SERCA 
enzymes,  in  general,  function  as  monomers  (~100kD  mol.  wt.)  [5].  Much  of  what 
is  known  about  the  relationship  of  SERCA  function  and  cell  physiology  has 
been  learned  in  heart  muscle,  where  relaxation  following  contraction  is  the 
result  of  rapid  uptake  of  myoplasmic  Ca2*  by  the  SERCA2a  isoform  [84]. 
Transgenically  induced  SERCA  overexpression  in  cardiac  myofibrils  improves 
heart  performance  by  increasing  the  relaxation  rate  through  quicker  Ca2*  uptake 
from  the  myoplasm  and  the  availability  of  SR-stored  Ca2+  for  subsequent 
release  [31]. 

Thapsigargin  is  a  specific  tool  for  studying  intracellular  Ca**  pools  and 
SERCA  function. 

A  valuable  experimental  tool  for  exploring  intracellular  Ca2*  was 
introduced  with  the  discovery  of  thapsigargin  (TG).  This  tumor  promoting 
sesquiterpene  lactone,  derived  from  the  plant  Thapsia  garganica,  interferes  with 
intracellular  Ca2*  regulation  by  blocking  internal  mechanisms  of  ER  Ca2* 
sequestration  [132].  More  specifically,  TG  potently  inhibits  all  known  SERCA 
isoforms  with  low  nanomolar  K<  values  [19,  84,  104].  This  inhibition  is  selective 
and  does  not  affect  the  activity  of  plasma  membrane  Ca2+-ATPases  (PMCAs)  or 
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any  other  types  of  ion  pumps  [84].  Upon  binding  to  SERCAs  in  the  Ca2* 
dissociated  conformation,  TG  irreversibly  blocks  the  ability  of  the  enzyme  to 
bind  Ca2*  [115].  Recently,  site-directed  mutagenic  studies  identified  a  short,  six 
amino  acid  region  of  the  33  stalk  segment,  that  dramatically  reduces  the  TG 
sensitivity  of  SERCAs  when  mutated  [151].  In  fact,  the  single  mutation  of 
Gly257  to  lie  alone  is  effective  in  reducing  the  sensitivity  to  TG  by  1000-fold 
[151]. 


The  potent,  selective  blockade  of  Ca2*  accumulation  in  the  ER  by  TG  has 
made  it  possible  to  study  the  significance  of  ER  Ca2*  pools  to  cell  function  and 
growth.  Intralumenal  Ca2*  content  controls  several  essential  ER  functions 
including  the  translation  of  mRNA  and  the  processing,  folding,  and  assembly  of 
proteins  [78,  99,  103,  1 17].  Brief  exposure  of  cultured  cells  to  nanomolar  doses 
of  TG  has  been  shown  to  cause  prolonged  emptying  of  Ca2+ pools,  inhibition  of 
protein  synthesis  [87,  144]  and  growth  arrest  [46],  while  prolonged  exposure 
causes  cell  death  (for  review  see  [133]).  Cyclopiazonic  acid  (CPA),  a  fungal 
toxin,  and  2,5-di-(terf-butyl)-1,4-benzohydroquinone  (BHQ)  are  other  selective 
inhibitors  of  SERCAs  that  are  reversible  and  are  chemically  unrelated  to  TG  [34, 
36,  90,  108]. 

TG  has  also  been  used  recently  to  investigate  the  importance  of  lumenal 
ER  Ca2*  levels  in  triggering  the  apoptotic  death  of  neuronal  and  non-neuronal 
cells  [14,  67,  100,  135,  152].  Thapsigargin  treatment  of  cells  causes  an  acute 
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rise  in  cytosolic  Ca2*  along  with  depletion  of  ER  pools.  Several  independent 
reports  now  suggest  that  the  depletion  of  ER  Ca2*  pools  triggers  apoptosis  in  TG- 
treated  cells  [14,  55,  100,  111].  How  depletion  of  ER  Ca2*  triggers  apoptosis  is 
not  known,  but  recent  evidence  points  to  a  link  with  the  bcl  family  of  apoptotic 
and  antiapoptotic  proteins.  Cells  induced  to  overexpress  the  endogenous  anti- 
apoptotic  protein  Bcl-2  are  insensitive  to  apoptosis  triggered  by  TG.  Furthermore, 
the  ER  of  cells  overexpressing  transfected  Bcl-2  has  been  reported  to  become 
insensitive  to  TG-inhibition  [79].  Thus,  the  experimental  use  of  TG  has  provided 
new  insight  into  cell  processes  involving  calcium,  including  the  importance  of 
maintaining  ER  Ca2*  levels  to  help  prevent  apoptosis. 

Novel  ER-like  compartments  accumulate  Ca2*  in  the  presence  of 
thapsigargin  (TG). 

Recently,  the  use  of  TG  revealed  what  appears  to  be  a  novel,  non- 
mitochondrial  intracellular  Ca2*  sequestering  compartment.  This  compartment 
was  originally  described  in  brain  microsomal  preparations,  which  lacked 
mitochondria  [140].  In  this  preparation  TG  can  only  inhibit  85  -  90%  of  the  net 
ATP-dependent  Ca2*  accumulation  while  the  calcium  ionophore  A23187  is 
100%  effective  [140].  Thus,  10-15%  of  net  Ca2*  uptake  into  brain  microsomal 
compartments  is  mediated  by  a  TG-insensitive  (TG-I),  ATP  requiring 
mechanism.  Since  this  original  description,  the  TG-I  Ca2*  compartment  or  pool 
has  been  described  only  to  a  limited  extent  in  cell  culture  studies,  with  very  little 
work  having  been  done  in  tissue  preparations.  Table  1  displays  a  current  survey 
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of  the  literature  regarding  information  about  the  TG-I  pool,  such  as  Mg2*  and 
ATP-dependence,  the  effects  of  Ca2*  releasing  agents,  and  suggested  cell 
functions  of  this  pool.  From  the  studies  outlined  in  Table  1,  few  consistent  or 
universal  characteristics  of  the  TG-I  Ca2*  compartment(s)  appear  to  emerge.  For 
instance,  the  TG-I  Ca2*pool  is  IP3-sensitive  in  some  cell  lines,  but  not  in  others. 
Also,  Ca2*-induced  Ca2*  release  (CICR)  is  suggested  as  a  function  for  the  TG-I 
store  in  some  studies,  but  has  been  specifically  discounted  in  sea  urchin 
homogenates.  Vanadate  was  found  to  effectively  inhibit  TG-I  Ca2*  uptake  in  a 
mutant  cell  line,  DC-3F/TG2,  and  in  pig  brain  cell  homogenates,  which  may 
indicate  that  the  TG-I  Ca2*  transport  mechanism  is  a  P-type  ATPase.  However, 
vanadate  sensitivity  is  not  reported  in  other  studies.  Likewise,  it  is  unclear 
whether  or  not  BHQ  and  CPA  have  any  effect  on  the  TG-I  Ca2*pool.  CPA 
inhibited  TG-I  Ca2*  uptake  in  rat  ventricle  isolates  and  pig  brain  homogenates, 
but  it  had  no  effect  on  the  TG-I  pool  in  other  studies.  One  reason  for  this 
inconsistent  picture  of  the  TG-I  pool  may  be  the  predominant  use  of  cancer  cell 
lines  in  studies  performed  so  far.  Cancer  cells  may  have  unusual  adaptations 
(for  example,  alterations  in  the  apoptotic  response  or  Bcl-2  overexpression) 
affecting  their  Ca2*  homeostasis,  which  may  confound  interpretations  regarding 
TG-I  pool  function  in  normal  tissues.  Clearly,  much  remains  to  be  understood 
regarding  the  function,  anatomical  distribution,  uptake  mechanism,  and 
regulation  of  the  TG-I  Ca2*pool  in  normal  tissues. 
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Is  the  TG-I  Ca2*pool  segregated  anatomically  in  the  brain  as  are  IP3- 
sensitive  and  caffeine-sensitive  Ca2*  pools?  Initial  microsomal  studies  reported 


regional  differences  in  the  activity  of  the  TG-I  Ca2+pool  in  rat  brain  with  the 
thalamus  and  spinal  cord  having  a  greater  proportion  than  the  cerebellum  or 
olfactory  bulb  [140].  Differential  expression  of  Ca2*  pools  may  have  significant 
implications  for  the  regional  vulnerability  of  the  brain  to  insults,  which  produce 
cellular  Ca2*  overload.  The  mammalian  hippocampus  displays  unique  regional 
sensitivity  to  different  types  of  insults  with  the  CA-1  subfield  being  extremely 
sensitive  to  hypoxic-ischemic  insults  [66,  68,  71,  94,  129].  Verma  et  at.,  utilizing 
a  novel,  in  situ  technique  to  autoradiographically  visualize  ATP-dependent 
45Ca2+ transport  into  fresh-frozen  rat  brain  sections,  demonstrated  that  the  CA-1 
region  is  enriched  in  IP3-sensitive  calcium  pools  [140].  SERCA  immunoreactivity 
in  this  region  is  relatively  low  [121].  This  uneven  relationship  in  ER  Ca2*  release 
channels  and  uptake  pumps  in  the  CA-1  subfield  provides  a  basis  for 
pathological  vulnerability  to  ER  Ca2*  store  depletion  and  elevated  cytoplasmic 
Ca2+.  Similarly,  discretely  localizing  the  TG-I  Ca2+  pool  may  eventually  help 
explain  why  some  regions  are  more  vulnerable  to  certain  types  of  insults  than 
other  regions. 

Is  the  TG-I  Ca2+  pool  loaded  by  a  novel  SERCA-like  Ca2*-ATPase  that  is 
TG  resistant?  As  mentioned  previously,  mutations  in  the  SERCA  S3  stalk 
segment  dramatically  reduces  its  TG  sensitivity  [1 51].  A  differential  splice 
mechanism,  thus,  could  specifically  alter  this  region  and  cause  known  SERCA 
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isoforms  to  become  TG-I.  The  DC-3F  Chinese  hamster  lung  cell  line  was  made 
resistant  to  TG  by  long-term,  step-wise  exposure  to  increasing  doses  of  TG 
[49].  These  cells  resemble  the  parent  cells  but  display  a  marked  increase  in  the 
level  of  a  TG-I  ER  calcium  pool.  These  adaptive  changes  suggest  that  the  TG-I 
Ca2*  sequestering  mechanism  can  be  selectively  upregulated  and  is  capable  of 
sustaining  normal  cell  growth  and  physiology  in  the  absence  of  the  prominent 
TG-sensitive  (TG-S)  ER  Ca2+  uptake.  Recently,  an  intracellular  SERCA-iike 
Ca27Mg2+-ATPase  insensitive  to  TG  inhibition  has  been  isolated  and  cloned 
from  the  ciliated  protozoan,  Paramecium  tetraurelia  [54,  72].  This  new  SERCA 
isoform  apparently  lacks  binding  sites  for  TG  and  shows  a  unique  intracellular 
distribution,  being  confined  to  subplasmalemmal  "alveolar  sacs"  which  are 
believed  to  play  a  role  in  stimulus-secretion  coupling  in  this  organism  [54].  This 
demonstrates  that  at  least  one  TG-I  SERCA-like  ATPase  is  expressed  normally 
in  simple  eukaryotes  and  suggests  that  similar  enzymes  may  participate  in 
eukaryotic  Ca2+  homeostasis  more  universally.  It  is  entirely  possible,  however, 
that  the  observed  TG-I  activity  is  accounted  for  by  a  Ca2+ sequestering 
mechanism  not  involving  a  Ca2*  specific  ion-motive  pump.  For  example,  ATP- 
dependent  transport  of  another  ion  such  as  H*  with  subsequent  counter  ion 
exchange  for  Ca2*  may  be  responsible  for  Ca2*  accumulation  within  cellular 
compartments.  Elucidating  the  mechanism  by  which  the  TG-I  pool  accumulates 
Ca2*  in  vertebrates  may  greatly  advance  our  understanding  of  eukaryotic 
Ca2+regulation  by  either  identifying  new  SERCA-like  activities  or  novel  Ca2* 
transport  mechanisms. 
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The  TG-l  calcium  pool  may  represent  a  unique  intracellular  compartment 
with  distinct  second  messenger  sensitivities  and  anion  permeability 
characteristics. 

The  net  flux  of  Ca 2*  into  the  SR-ER  lumen  depends  on  other  factors  in 
addition  to  SERCA  activity.  The  accumulation  of  45Ca2*  into  the  ER  lumen  can 
be  completely  inhibited  using  the  calcium  ionophore  A23187,  which  has  no 
effect  on  the  enzymatic  uptake  activity  of  the  SERCAs.  A23187  is  a  lipid-soluble 
compound  that  inserts  itself  into  the  walls  of  membrane-bound  compartments 
and  acts  like  a  revolving  door  to  prevent  the  accumulation  of  Ca2*  on  either  side. 
Thus,  leak  pathways  for  Ca2*  will  reduce  its  net  accumulation  within  the  lumen 
of  membranous  compartments.  Similarly,  whether  IP3R  or  the  RyR  release 
channels  are  in  the  closed  or  open  state  will  directly  influence  the  net  Ca2* 
accumulation  in  isolated  ER  preparations.  The  Ca2*  release  channels  and 
SERCAs  are  distinct  proteins  with  unique  expression  patterns  and  may  be 
differentially  represented  in  distinct  Ca2*  buffering  compartments.  Thus,  the 
functional  Ca2*  flux  properties  of  ER  compartments  can  be  selectively  sculpted 
in  different  brain  cells  via  differential  expression  of  ER  pumps  and  channels.  In 
rat  brain  microsomes  IP3-sensitive  Ca2*  compartments  were  shown  to  represent 
only  a  subset  of  the  thapsigargin-sensitive  (TG-S)  compartment,  and  the  TG-l 
compartment  was  found  to  be  insensitive  to  IP3  [140].  This  selective  sensitivity 
of  the  TG-S  and  TG-l  Ca2*  uptake  to  IP3  mobilization  suggests  that  the  TG-S 
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and  TG-I  pools  represent  unique,  non-contiguous  compartments  with  distinct 
uptake  and  release  mechanisms. 

The  ER  is  also  permeable  to  anions,  and  the  co-transport  of  anions  with 
Ca2+  is  believed  to  facilitate  overall  Ca2*flux  by  charge  neutralization.  Anion 
transport  along  with  Ca2*  may  help  avoid  the  buildup  of  an  opposing  electrical 
gradient  to  further  Ca2+  uptake.  By  reducing  intra-lumenal  free  calcium 
concentration,  anions  may  also  decrease  feedback  inhibition  of  Ca2*  on  SERCA 
activity  [35].  Phosphate  and  oxalate  are  two  permeable  anions  that  strongly 
stimulate  Ca2*  uptake  in  vitro  by  forming  intra-lumenal  salts  with  the  actively 
transported  Ca2*[52,  61].  These  anions  penetrate  ER  vesicle  membranes 
through  poorly  defined  channel  proteins  [126],  which  may  themselves  be 
differentially  expressed  with  respect  to  Ca2*  pumps  and  release  channels.  A 
model  to  help  explain  net  Ca2*flux  into  a  Ca2*  accumulating  compartment  is 
shown  with  representative  membrane-bound  proteins  for  uptake,  anion  entry, 
passive  efflux  and  receptor  channel  Ca2+ release  (Figure  1).  The  IP3-sensitive 
Ca2*  pool  has  been  shown  to  be  permeable  to  oxalate,  but  it  is  not  known 
whether  the  TG-S  and  TG-I  Ca2*  compartments  also  have  distinct  anion 
permeabilities.  Does  the  TG-I  Ca2*pool  distinguish  a  unique  compartment  or 
organelle  with  unique  anion  permeability  and  release  channel  properties?  Which, 
if  any,  second  messengers  release  Ca2+ffom  the  TG-I  pool?  Our  appreciation  of 
the  overall  dynamics  of  Ca2*  homeostasis  appears  far  from  complete  and  a  better 
understanding  of  TG-I  Ca2+ sequestration  may  provide  a  clearer  picture. 


17 


Ca 


2* 


Anions 


Oxalats 


Ca3 


Figure  1.  Model  of  Ca2*  flux  in  ER-  or 
SR-like  vesicles.  Ca2*  specific  Mg2* 
ATPase  activity  (filled  circle)  transports 
Ca2*  uni-directionally  into  the  vesicle 
lumen.  Anion  co-transport,  which 
neutralizes  the  accumulated  charge, 
occurs  via  poorly  defined  anion 
channels.  When  oxalate  or  phosphate  is 
present  in  the  assay,  their  co¬ 
accumulation  leads  to  insoluble 
complexation  with  Ca2*.  Ca2*  release 
pathways  are  also  found  in  ER  or  SR 
vesicles  which  allow  leak  of  Ca2*  out 
from  the  lumen.  These  indude  a  poorly 
defined,  non-specific  Ca2*  leak  path  as 
well  as  specific  families  of  second 
messenger  activated  Ca2*  release 
channels,  such  as  the  inositol 
triphosphate  receptor  (IP3R)  and  the 
ryanodine  receptor  (RyR). 


Summary 

Loss  of  Ca2*  compartmentalization  is  a  key  event  that  can  lead  to  cell 
death.  Both  necrotic  and  apoptotic  cell  death  are  dependent  on  changes  in 
cellular  Ca2*  compartmentalization.  Calcium  acts  as  a  universal  second 
messenger  in  cells  being  involved  in  the  control  of  muscle  contraction,  cell 
growth  and  division,  secretion,  chemotaxis,  and  apoptosis.  Regulation  of  Ca2* 
compartmentalization  by  intracellular  pumps  and  release  channels  is  essential 
for  it  to  be  an  effective  second  messenger.  The  ER  is  a  major  intracellular  Ca2* 
buffering  organelle,  which  may  show  regional  specialization  within  a  cell  and 
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among  cells.  Ca 2*  uptake  and  release  properties  of  the  ER  represent  the  actions 
of  several  unique  proteins.  Ca2*  is  sequestered  into  the  ER  (or  SR)  by  P-type 
Ca2*/Mg2*-ATPases  called  SERCAs,  which  are  encoded  by  three  separate 
differentially  expressed  genes.  The  experimental  use  of  thapsigargin  (TG),  a 
potent  universal  inhibitor  of  eukaryotic  SERCAs,  has  revealed  what  appears  to 
be  a  novel,  non-mitochondrial  intracellular  Ca2*  sequestering  compartment  in  cell 
cultures  and  tissue  homogenates. 

Despite  a  decade  of  research  since  the  discovery  of  thapsigargin- 
insensitive  (TG-I)  Ca2*  uptake,  little  more  has  been  learned  about  it.  Microsomal 
Ca2*  uptake  in  the  presence  of  TG  appears  to  represent  the  activity  of  a  novel 
non-mitochondrial  compartment.  How  much  of  an  overall  contribution  the  TG-I 
compartment  makes  to  brain  intracellular  Ca2*  buffering  remains  unknown.  Does 
the  TG-I  uptake  mechanism  have  different  sensitivities  to  ATP  and  Mg2*  than  the 
TG-S  mechanism?  Is  a  P-type  ion-motive  ATPase  involved  in  loading  the  TG-I 
Ca2*  pool?  Do  Ca2*  precipitating  anions  stimulate  uptake  into  the  TG-I  Ca2* 
compartment?  Does  TG-I  Ca2*  uptake  display  discrete  regional  heterogeneity  in 
rat  brain?  Our  preliminary  experiments  have  addressed  some  of  these  key 
questions  about  the  TG-I  Ca2*  pool. 
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TABLE  1.  Summary  of  published  information  to  date  regarding  a  novel  thapsigargin-insensitve 
intracellular  Ca2*  buffering  compartment  (cont.). 
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SPECIFIC  AIMS 


We  proposed  to  understand  the  mechanism  of  uptake,  pharmacological 
sensitivities  to  calcium  mobilizers,  and  distribution  of  the  TG-I  Ca2*  pool  in  rat 
brain.  The  research  plan  for  each  of  these  is  detailed  below: 


Specific  Aim  1:  Determine  whether  or  not  a  Mg2*-dependent,  Ca2*-activated 
ATPase  activity  involving  a  phospho-enzyme  intermediate  sequesters  Ca2* 
in  the  TG-I  pool. 

The  objective  of  this  specific  aim  was  to  characterize  the  mechanism  involved  in 
TG-I  Ca2+  uptake  in  rat  brain.  TG-I  Ca2+  accumulation  was  originally  reported  in 
brain  microsomes  [140],  and  it  is  possible  that  the  TG-I  uptake  mechanism 
identified  in  isolated  ER  is  structurally  and  functionally  similar  to  SERCAs  that 
also  reside  in  the  ER.  However,  the  demonstrated  ability  to  accumulate  Ca2+  in 
microsomes  in  the  presence  of  TG  is  insufficient  evidence  to  classify  the  TG-I 
Ca2+  uptake  mechanism  as  a  Ca2*-ATPase,  much  less  as  a  SERCA-like  Ca2*- 
ATPase.  The  TG-I  Ca2+  uptake  mechanism  may  represent  a  previously 
unappreciated  ion  exchange  mechanism.  Such  mechanisms  are  ubiquitous  in 
cells  and  can  accumulate  Ca2*  through  antiporter  activity  dnven  by  the  efflux 
potential  of  a  different  cation  created  by  its  own  ion-motive  ATPase.  For 
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example,  secretory  vesicles  require  lumenal  Ca2*  for  enzymatic  processes. 
Secretory  vesicles  have  V-type  hT-ATPases,  which  concentrate  H*  into  their 
lumens  making  them  acidified.  High  lumenal  H*  can  then  exit  vesicles  along  its 
electrochemical  gradient  through  an  H7Ca2+-antiporter  in  exchange  specifically 
for  Ca2+  entry.  This  mechanism  of  Ca2*  uptake  involves  no  Ca2*-ATPase  or 
SERCA  activity  and,  therefore,  would  be  insensitive  to  TG  inhibition.  However, 
whether  or  not  this  particular  TG-i  Ca2*  uptake  mechanism  contributes  to  the  TG- 
I  Ca2*  pool  observed  in  rat  brain  tissue  preparations  is  unknown.  Our  tissue 
preparations  alone  do  not  reliably  discount  the  contribution  of  artifactual  vesicles 
to  TG-I  Ca2+  uptake,  such  as  plasma  membrane  vesicles.  Other  organelles 
besides  the  ER  may  contribute  to  TG-I  Ca2+  uptake,  which  also  could  account  for 
the  increased  proportional  TG-I  accumulation  that  we  have  observed  in  brain 
homogenates  relative  to  isolated  ER  preps.  Several  organelles,  such  as 
mitochondria  and  the  Golgi  apparatus,  contain  lumenal  Ca2*  and  are  thought  to 
sequester  calcium  primarily  through  known  ion  exchange  mechanisms.  To 
exclude  each  of  these  organelles,  which  may  contaminate  our  isolated  ER 
preparations,  we  utilized  a  combination  of  organelle-specific  ion-motive  pump 
inhibitors  and  ionophores  to  identify  their  TG-I  Ca2*  pool  contribution  in  brain 
microsomes.  Alternatively,  the  TG-I  Ca2*  pool  may  represent  the  activity  of  a 
novel  Ca2+-ATPase  that  is  “SERCA-like”.  In  this  case,  the  putative  Ca2+  pump 
may  be  a  P-type  pump  of  the  SERCA  or  the  PMCA  family.  Along  with  vanadate 
inhibition  of  uptake  activity,  any  P-type  ATPase  should  exhibit  an  ion-sensitive 
(Ca2*  in  this  case)  phospho-enzyme  intermediate  formation. 


23 


Section  Objectives: 

Objectives  of  this  specific  aim  were:  (a)  to  determine  whether  the  TG-I  uptake 
mechanism  displays  similar  requirements  for  Ca2*,  Mg2*,  and  ATP  as  SERCA, 
(b)  to  determine  whether  ion  exchange  mechanisms  are  utilized  to  transport 
calcium  into  the  TG-I  pool,  and  (c)  to  determine  whether  a  Ca2*-stimulated 
ATPase  activity  is  associated  with  TG-I  Ca2*  accumulation. 

Plan: 

The  strategy  for  section  objective  (a)  was  to  assess  the  dependence  of  the  TG-I 
mechanism  on  ATP,  Mg2*,  temperature,  and  redox  modification  in  comparison  to 
classical  SERCA  activity.  Objective  (b)  was  analyzed  by  measuring  the  effects 
of  specific  pump  inhibitors  and  ionophores  on  TG-I  Ca2*  uptake  in  whole  brain 
microsomes.  Objective  (c)  was  determined  by  monitoring  Ca2*-sensitive  ATPase 
activity  and  the  formation  of  a  phosphorylated  enzyme  intermediate  in  the 
presence  of  TG. 

Rationale: 

SERCAs  are  P-type  Ca2*  pumps  resident  in  the  ER  and  are  dependent  on  the 
presence  of  ATP,  Mg2*,  and  Ca2*  for  activity.  Functional  (and  structural) 
characteristics  of  the  TG-I  mechanism  can  be  assessed  in  comparison  to  that  of 
SERCAs  by  evaluating  for  similar  dependency.  Preliminary  studies  utilizing 
vanadate  implicated  the  activity  of  a  P-type  ATPase  in  TG-I  Ca2*  accumulation. 
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However,  this  fact  does  not  exclude  an  ion  exchange  mechanism  or  prove  that 
ATPase  activity  is  Ca2+-activated.  At  the  completion  of  this  aim,  we  provide 
evidence  that  the  TG-I  Ca2*  uptake  mechanism  in  brain  microsomes  may  utilize  a 
P-type  ATPase  similarly  sensitive  to  ATP,  Mg2+,  and  Ca2*,  but  uniquely 
insensitive  to  reduction  of  sulfhydryl  groups  as  compared  to  SERCA  activity. 


Specific  Aim  2:  Determine  whether  or  not  known  intracellular  Ca2*  store 
mobilizers  affect  the  Ca2*  pool  accumulated  in  the  TG-I  store. 

An  important  step  in  determining  whether  the  TG-I  Ca2*  pool  is  functionally 
significant  is  to  determine  whether  or  not  known  modulators  of  intracellular 
calcium  release  channels  can  liberate  its  sequestered  Ca2*.  While  some  studies 
have  found  that  the  TG-I  calcium  pool  can  be  mobilized  by  agents  acting  at  the 
IP3R  and  RyR  in  cultured  cancer  cell  lines,  others  have  found  no  such 
sensitivities.  We  determined  the  ability  of  the  calcium-mobilizing  agents  IP3, 
caffeine,  cADPr,  and  NAADP  to  release  Ca2*  from  the  TG-I  Ca2*  compartments  in 
rat  brain  microsomes. 

Section  Objective: 

The  objective  was  to  determine  whether  known  Ca2*  mobilizing  agents  stimulate 
Ca2+  release  from  the  TG-I  Ca2*  pool  in  rat  brain  microsomes. 
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Plan: 

The  strategy  to  accomplish  this  section  objective  was  to  monitor  microsome 
45Ca2+  accumulation  in  the  presence  of  TG  and  several  Ca2*  mobilizers:  IP3> 
caffeine,  cADPr,  and  NAADP. 

Rationale: 

The  ability  of  potential  mobilizers  to  stimulate  Ca2+  release  from  compartments 
filled  by  the  TG-I  Ca2*  uptake  in  rat  brain  is  unknown.  Since  a  subset  of 
compartments  in  ER  preparations  identified  by  SERCA  activity  are  stimulated  by 
IP3  and  thus,  express  IP3Rs,  the  TG-I  Ca2*  uptake  compartment  may  also  be 
associated  with  specific  receptor-channels.  Determination  of  the  sensitivity  to 
agents  that  stimulate  Ca2*  release  from  the  TG-I  pool  will  not  only  further  define 
this  compartment  in  terms  of  protein  expression,  but  also  provide  clues  about  its 
functional  role  within  intact  cells  in  the  brain. 


Specific  Aim  3:  Determine  the  regional  and  cellular  distribution  of  the 
thapsigargin-sensitive  (TG-S)  and  thapsigargin-insensitive  (TG-I)  Ca2* 
compartments  in  rat  brain. 

Many  studies  show  that  the  TG-I  Ca2+  pool  is  an  intracellular  compartment  that 
contributes  significantly  to  total  Ca2+  buffering  in  different  cell  lines.  However, 
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which  brain  cell  types  participate  in  TG-I  Ca2*  uptake  is  not  known.  The  regional 
anatomical  distribution  of  the  TG-I  Ca2*  pool  also  remains  to  be  elucidated. 

Section  Objectives: 

To  address  this  aim,  we  endeavored:  (a)  to  determine  the  relative  contribution  of 
different  types  of  brain  cells,  neurons  or  astrocytes,  to  TG-I  Ca2*  uptake,  and  (b) 
to  determine  the  regional  anatomical  distribution  of  TG-I  Ca2*  uptake  in  rat  brain. 

Plan: 

The  strategy  for  section  objective  (a)  was  to  measure  Ca2*  uptake  in  the  absence 
and  presence  of  TG  into  permeabilized  primary  cultures  of  cerebral  granular 
neurons  and  rat  whole  brain  astrocytes.  Objective  (b)  was  addressed  by 
analyzing  45Ca2*  uptake  in  coronal  and  sagittal  rat  brain  fresh  frozen  tissue 
sections  via  autoradiography. 


Rationale: 

It  is  known  that  specific  brain  regions  and  cell  types  are  acutely  sensitive  to 
calcium-mediated  injury.  Consequently,  understanding  the  regional  and  cellular 
distribution  of  TG-I  Ca2*  uptake  may  be  valuable  in  understanding  regional  brain 
vulnerability  to  certain  insults.  Collectively,  the  studies  in  this  aim  delineated  the 
regional  and  cellular  distribution  of  TG-I  Ca2*  accumulation  in  normal  rat  brain. 
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MATERIALS  AND  METHODS 


Materials 


Reagents: 

All  reagents  used  in  general  laboratory  procedures  were  purchased  from  Sigma 
Chemical  Company  (St.  Louis,  MO).  Thapsigargin  was  obtained  from  Molecular 
Probes  (Eugene,  OR).  [45Ca2+]-CaCI2  and  [yP32]-ATP  were  obtained  from  NEN 
(Boston  MA).  All  other  reagents  used  were  of  the  highest  grade  available. 


Equipment: 

Electrophoresis  equipment:  Novex,  Inc.  (San  Diego,  CA).  Spectrophotometer: 
Hewlett  Packard  model  8453  (Rockville,  MD).  Fluorimeter/Luminometer:  Perkin 
Elmer  LS50B  (Norwalk,  CT).  Ca2*-specific  electrode:  SensorLink  pH/ISE 
electrode  (Orion  Research,  Inc.,  Charlestown,  MA).  Film  developer:  Kodak  M35A 
X-omat  Processor  (Rochester,  NY).  Cryostat:  Zeiss  model  HM505E  Microm 
(Thornwood,  NY). 
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Methods 


Cell  Cultures  and  Harvesting 

Granule  cells  were  dissociated  from  cerebella  of  8-day  old  Wistar  rat  pups  as 
described  [32,  44,  101].  Cells  were  plated  on  poly-D-lysine-treated  plates  at  a 
seeding  density  of  5  x  105  cells/cm2  in  high  glucose  (4.5  mg/L)  Dulbecco’s 
modified  Eagle’s  medium  (D-MEM)  with  30mM  glucose,  30mM  KCI,  2mM 
glutamine,  2.2g/L  sodium  bicarbonate,  10%  (v/v)  heat-inactivated  fetal  bovine 
serum  (FBS),  50  U/ml  penicillin,  and  100  pg/ml  streptomycin.  After  48  hrs,  20^M 
cytosine  arabinoside  was  added  to  the  culture  medium  to  inhibit  mitotic  cell 
growth.  Cells  were  harvested  days  6-8  post  seeding. 

Primary  whole  rat  brain  astrocytes  were  a  generous  gift  from  Dr.  R. 
Armstrong.  Briefly,  mixed  glial  cultures  were  initially  seeded  from  dissected 
brains  of  male  Sprague-Dawley  rats  and  enriched  to  virtually  pure  populations  of 
astrocytes  by  established  procedures  [7].  The  enriched  astrocyte  cultures  were 
maintained  in  high  glucose  D-MEM  supplemented  with  ImM  sodium  pyruvate, 

1 .5  g/L  sodium  bicarbonate,  O.ImM  non-essential  amino  acids,  along  with  above 
stated  concentrations  of  glutamine,  FBS,  and  penicillin  and  streptomycin 
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(Pen/Strep).  All  primary  astrocyte  cultures  were  used  between  one  to  two  weeks 
of  plating  (~  90%  confluence). 

All  cell  lines  were  purchased  from  American  Type  Culture  Collection 
(ATCC,  Manassas,  VA),  except  NBFL  cells,  which  were  a  generous  gift  from  Dr. 
A.  Symes.  Minimum  essential  media  (MEM)  was  purchased  from  Life 
Technologies  (Grand  Island,  NY)  supplemented  with  ImM  Earle’s  salts.  Hep-3B 
cells  were  cultured  in  minimal  essential  medium  (MEM)  containing  ImM  sodium 
pyruvate,  1.5  g/L  L-glutamine,  10%  FBS,  O.ImM  non-essential  amino  acids,  and 
Pen/Strep.  U-87  and  U-251  cells  were  cultured  in  low  glucose  (1.1  mg/L)  D- 
MEM  containing  pyruvate,  glutamine,  FBS,  and  non-essential  amino  acids  in  the 
presence  of  Pen/Strep.  PC-12  cells  were  grown  in  a  similar  medium  with  5% 
horse  serum.  SHSY-5Y  cells  were  cultured  in  MEM  and  F-12  nutrient  mixture 
(Ham)  at  a  1:1  (v:v)  ratio  supplemented  with  1.5  g/L  sodium  bicarbonate,  L- 
glutamine,  pyruvate,  non-essential  amino  acids,  FBS,  and  Pen/Strep.  All  cells 
were  grown  in  a  humidified  incubator  at  37  °C  in  a  5%  C02  atmosphere.  Media 
was  routinely  replaced  2-3  times  weekly.  Sub-culturing  confluent  flasks  involved 
adding  trypsin  (0.25%)  -EDTA  (0.03%)  solution  after  removing  expired  media. 
Detached  cells  in  a  fresh  media  suspension  were  transferred  to  new  flasks 
typically  at  a  subculture  ratio  of  1:3. 

All  cultured  cells  were  harvested  typically  at  80-90%  confluence  by 
mechanical  scraping  in  the  presence  of  an  ice-cold  buffer  containing  20mM 
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HEPES-KOH  (pH  7.35),  0.25M  sucrose,  lOOpM  EDTA,  0.1  mg/ml 
phenylmethylsulfonylfluoride  (PMSF),  and  10  pg/ml  each  of  aprotinin  and 
leupeptin.  Cells  were  pelleted  by  centrifugation  at  1000  x  g  and  resuspended  in 
cold  HEPES-KOH  buffered  sucrose  in  the  absence  of  EDTA  and  protease 
inhibitors.  Protein  concentrations  were  determined  by  the  Bradford  method  using 
protein  dye  concentrate  (Bio-Rad,  Hercules,  CA)  and  adjusted  to  a  concentration 
of  1 .25  -  5.0  mg/ml  prior  to  performing  Ca2*  uptake  assays. 


Tissue  Preparation 

Male  Sprague-Dawley  rats  were  sacrificed  (C02  narcosis  followed  by 
decapitation);  brains  were  rapidly  removed  and  placed  in  10  volumes  of  ice-cold 
homogenization  buffer  (w/v)  containing  25mM  A/-2hydroxyethylpiperazine-A/-2 
ethanesulfonic  acid  (HEPES)  [pH  7.3  with  potassium  hydroxide  (KOH)],  0.25M 
sucrose,  1 0OmM  EDTA,  and  protease  inhibitors.  Protease  inhibitors  were  PMSF 
(100  mg/ml),  leupeptin  (10  pg/ml),  and  aprotinin  (10  pg/ml).  Microsomes  were 
prepared  by  mincing  brain  well  and  then  homogenizing  with  a  T-Line  laboratory 
stirrer  (Talboys  Engineering  Corp,  Montrose,  PA)  using  a  glass-teflon 
homogenizer  at  70%  speed  with  five  up  and  down  strokes.  Homogenates  were 
centrifuged  at  10,000  x  g  with  a  Son/all  SS-34  rotor  in  a  Beckman  centrifuge  at  4 
°C  for  15  min.  Supernatant  was  then  centrifuged  at  100,000  x  g  with  a  Sorvall 
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TH-641  swinging  bucket  rotor  in  a  Sorvall  Ultra  Pro  80  ultracentrifuge  at  4  °C  for 
60  min.  The  pellet  was  rinsed  and  re-suspended  using  a  microsomal  storage 
buffer  consisting  of  cold  homogenization  buffer  lacking  EDTA  and  enzyme 
inhibitors.  Protein  content  was  determined  by  the  Bradford  method  using  protein 
dye  concentrate  (Bio-Rad,  Hercules,  CA)  and  adjusted  to  a  concentration  of  1.25 
-  5.0  mg/ml  prior  to  storage  at  -70  °C. 

Fresh  organ-derived  crude  cell  homogenates  were  prepared  as  outlined  for 
microsomes  except  the  initial  homogenate  was  directly  centrifuged  at  100,000  x 
g  and  resulting  pellet  resuspended.  For  cell  cultures  in  162  mm2  flasks,  culture 
media  was  aspirated  at  confluence  and  flasks  rinsed  with  5  ml  of  homogenization 
buffer.  Cells  were  scraped  in  5  ml  of  fresh  homogenization  buffer,  and  the 
resulting  suspension  placed  in  a  15  mi  conical  and  centrifuged  for  5  min  at  3000 
x  g.  The  pellet  was  re-suspended  in  a  small  volume  of  microsomal  storage 
buffer,  and  protein  content  was  adjusted  to  2.5  mg/ml. 

Fresh  frozen  sections  were  obtained  by  rapidly  freezing  brain  in  Tissue 
Freezing  Medium  (Triangle  Biomedical  Sciences,  Durham,  NC).  Cryostat 
sections  (18  pm)  were  thaw  mounted  at  -20  °C  onto  Fisherbrand  Superfrost/Plus 
slides  (Fisher  Scientific,  Pittsburgh,  PA)  and  stored  at  -70  °C. 
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Ca2*  Uptake  Assay 

Accumulation  of  45Ca2*  into  microsomes  was  studied  in  20mM  HEPES-KOH  (pH 
7.3)  uptake  buffer  containing  3%  (w/v)  polyethylene  glycol  (PEG,  avg  mol  wt 
10,000),  5mM  sodium  azide,  and  200pM  total  CaCI2t  with  freshly  added  5mM 
1 ,4-dithiothreitol  (DTD,  5mM  phosphocreatine,  2mM  ATP,  ImM  MgCI2,  20  U/ml 
creatine  phosphokinase,  and  0.1  pCi/ml  45Ca2\  All  other  additions  are  as 
indicated.  Free  calcium  (pCa2*^)  levels  were  adjusted  to  a  desired  concentration 
of  0.25pM  with  EGTA  using  an  Orion  Ca2*-sensitive  electrode  calibrated  with 
commercially  obtained  free  calcium  standards  (World  Precision  Instruments, 
Sarasota,  FL).  To  initiate  4SCa2*  uptake,  microsomes  were  added  to  a  final 
protein  concentration  of  100  pg/ml  in  a  total  reaction  volume  of  0.25  ml  at  37°C. 
Non-specific  uptake  was  considered  as  any  45Ca2*  signal  in  the  presence  of 
10pM  A23187,  a  calcium  ionophore.  Microsomal  transport  of  45Ca2\  unless 
otherwise  specified,  is  expressed  as  specific  uptake  in  which  any  signal  in  the 
presence  10  pM  A23187  was  subtracted  out.  Assays  routinely  proceeded  for  60 
min  and  were  terminated  by  rapid  filtration  through  Millipore  (Bedford,  MA)  MAFB 
filter  96-well  microplates.  Filters  were  washed  twice  with  0.2  ml  of  ice-cold  wash 
buffer  containing  20mM  HEPES-KOH  (pH  7.3),  3%  PEG,  25mM  monobasic 
potassium  phosphate,  25mM  dibasic  potassium  phosphate,  5mM  sodium  azide, 
5mM  MgCI2,  and  2mM  EGTA.  Alternatively,  45Ca2*  uptake  experiments  using 
chloride  as  the  predominant  anion  were  washed  with  lOOmM  KCI  instead  of 
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monobasic  and  dibasic  phosphate,  while  those  using  oxalate  were  washed  with 
buffers  containing  25mM  potassium  oxalate.  Radioactivity  was  measured  in  0.05 
mi  of  CytoScint  liquid  scintillation  cocktail  (ICN  Pharmaceuticals,  Inc.,  Costa 
Mesa,  CA)  using  a  Wallac  (Gaithersburg,  MD)  model  1450  microbeta  counter. 

Histochemical  45Ca2+  uptake  assays  were  performed  in  serial  frozen  sections. 
The  uptake  buffer  contained  80mM  KCI  and  1 0mM  potassium  oxalate  in  place  of 
potassium  phosphates  for  better  localization.  Incubations  were  performed  in 
polypropylene  slide  mailing  vessels  (Evergreen  Scientific,  Los  Angeles,  CA)  at 
37  °C  for  30  to  60  min.  Slides  were  transferred  to  ice-cold  wash  buffer  to 
terminate  the  incubation.  After  washing  twice  for  2  min,  sections  were  dried 
under  a  cool  air  stream  accompanied  by  vacuum  aspiration  of  excess  fluid  and 
then  exposed  to  beta  particle  sensitive  film  (Fuji  Medical  X-Ray  Film,  Fuji, 
Stamford,  CT)  for  24-48  hrs  to  image  the  anatomical  distribution  of  accumulated 
45Ca2\  After  developing  film,  brain  sections  were  wiped  from  the  slides  with  wet 
absorbent  tissue  paper  and  the  accumulated  radioactivity  measured  in  3  ml 
CytoScint  scintillation  cocktail  using  the  microbeta  counter. 


Ca2+  Leak/Release  Assay 

Microsomal  uptake  and  release  of  Ca2*  was  measured  using  radiotracer  45Ca2+  in 
uptake  assays  performed  in  96-well  MAFB  microplates  as  described  in  a 
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previous  section  with  modifications.  Routine  uptake  assays  were  performed  for 
90  min  in  the  absence  and  presence  of  TG  (10  nmol/mg  protein).  At  90  min 
(which  approximates  uptake  saturation  in  phosphate-supported  buffer),  Ca2*- 
ATPase  inhibitors  were  added  and  the  assay  allowed  continued.  Microsome 
calcium  flux  was  subsequently  monitored  by  vacuum  filtration  at  different 
intervals  and  scintillation  counting.  Non-specific  uptake  was  considered  45Ca2* 
accumulation  in  the  presence  of  10  pM  A23187.  Calcium  leakage  was  defined 
as  the  decrease  in  specific  45Ca2*  at  various  times  following  the  addition  of 
inhibitors  compared  to  saturation  at  90  min.  Alternatively,  45Ca2*  uptake/leak 
assays  were  performed  in  50  ml  conicals  at  high  volume  (-15  ml)  while 
maintaining  protein  content,  [45Ca2>],  and  concentrations  of  assay  reagents 
similar  to  small  volume  assays.  For  optimal  effects  of  calcium  releasing  agents, 
small  volume  (96-well)  assays  were  utilized  by  performing  45Ca2*  uptake  while 
including  the  releasing  agent  in  the  reaction  from  the  beginning  of  the 
experiment.  Under  these  conditions,  the  releasing  agent  apparently  binds  to  its 
receptor/calcium  release  channel  and  maintains  it  in  an  open  configuration.  The 
difference  in  net  calcium  accumulation  in  the  presence  of  these  agents, 
therefore,  specifically  determines  the  release  sensitivity  of  microsomes  to  these 


agents  [141]. 
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Phosphorylated  Ca2*-A  TPase  Intermediate  Assay 

The  Ca2*-dependent  phosphorylated  enzyme  intermediate  assay  was  earned  out 
on  ice  by  utilizing  [yP32]-ATP  (6000  Ci/mmol)  from  NEN  (Boston,  MA)  as 
described  [70]  with  modifications.  Where  applicable,  microsomes  were  pre¬ 
incubated  on  ice  with  treatments  for  5  min  in  the  absence  of  Ca2*.  Microsomes 
were  then  suspended  at  0.25  mg/ml  final  protein  concentration  in  20mM  HEPES- 
KOH  (pH  7.0)  buffer  containing  80mM  KCI,  5mM  MgCI2,  and  IIOpM  CaCI2. 
Addition  of  50nM  ATP  (300  Ci/mmol)  started  the  reaction.  After  one  min,  reaction 
was  quenched  by  addition  of  1  ml  ice-cold  stop  solution  containing  12%  (w/v) 
trichloroacetic  acid  (TCA)  and  20mM  phosphoric  acid.  Samples  were  briefly 
vortexed  and  remained  on  ice  for  15  min  prior  to  collection  of  precipitated 
proteins.  Quenched  samples  were  sedimented  in  a  Beckman  microfuge  at 
14,000  rpm  for  5  min.  After  washing  three  times  in  stop  solution,  the  final 
sediment  was  dissolved  in  acidic  SDS  sample  buffer  (150mM  Tris-HCI,  pH  6.8; 
10mM  EDTA;  30%  sucrose;  0.014%  bromophenol  blue;  2%  SDS  and  5% 
mercaptoethanol)  and  placed  in  a  boiling  water  bath  for  5  min. 

Samples  were  separated  for  determination  of  radioactive  phosphorous 
and  protein  by  acidic  SDS-PAGE.  The  stacking  gel  contained  5%  acrylamide 
with  a  40:1  (w/w)  ratio  of  acrylamide:bisacrylamide.  The  separating  gel  was 
comprised  of  6%  acrylamide  with  the  same  40:1  acrylamide:bisacrylamide  ratio. 


36 


Reservoir  buffer  contained  a  0.17  MOPS  buffer  (pH  6.0  with  1.7M  Tris  base)  with 
0.1%  SDS.  Equal  amounts  of  protein  were  loaded.  Gels  were  run  at  lOOmV  for 
approximately  1 .5  hrs.  Electro-transfer  of  single  gels  at  30mAmps  for  1  hr  onto 
0.2-pm  pore  nitrocellulose  membranes  was  accomplished  in  a  buffer  containing 
25mM  Tris,  190mM  glycine,  and  20%  methanol.  Coomassie  Blue  staining  of 
gels  after  blotting  and  the  transfer  of  molecular  weight  standards  (Sigma) 
separated  in  parallel  lanes  demonstrated  efficient  protein  transfer.  Resulting 
nitrocellulose  membranes  were  subjected  to  autoradiography. 


Measurement  of  Ca2*-A  TPase  Activity 

Ca2*-ATPase  activity  was  determined  after  performing  45Ca2*  uptake  assays 
modified  to  accommodate  colorimetric  measurement  of  liberated  inorganic 
phosphate.  Ca2*  uptake  was  performed  in  a  20mM  HEPES-KOH  (pH  7.3)  buffer 
containing  80mM  KOI,  10mM  potassium  oxalate,  5mM  sodium  azide,  and 
concentrations  of  free  Ca2*  varied  by  adding  CaCI2  or  removing  it  with  chelex  100 
resin  (BioRad)  followed  by  vacuum  filtration.  After  adjusting  the  pCa2+,  3%  PEG 
was  added  along  with  fresh  additions  of  5mM  DTT,  ImM  MgCi2,  0.1  pCi/ml 
45Ca2+,  and  brain  microsomes  (100  pg/ml  final  protein  concentration).  Reactions 
were  started  by  the  addition  of  2mM  ATP  in  a  final  volume  of  250  pi,  and 
continued  at  37  °C  for  30  min.  Vacuum  filtration  of  the  96-well  MAFB  microplate 
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into  a  polystyrene  96-well  culture  microplate  halted  the  uptake  assay.  Ca2*- 
dependent  ATPase  activity  was  subsequently  determined  by  measuring  liberated 
phosphate  in  the  filtrate  using  a  described  method  [150]  with  minor  modifications. 
A  solution  containing  2%  ammonium  molybdate  in  1 .8M  H2S04  and  5%  (v/v)  of 
W-1  polyoxyethylene  ether  was  added  to  the  filtrate  (100  pi  per  well).  A 
microwell  plate  reader  was  used  to  immediately  measure  the  formation  of 
colored  phospho-molybdate  complex  in  the  filtrate  at  410  nm.  Ca2+-activated  ATP 
hydrolysis  was  expressed  as  relative  calcium-dependent  increase  in  absorbance. 


Statistical  Analysis: 

All  data  collected  was  parametric  in  nature,  and  consisted  of  treating  the 
same  sample  tissue  preparations  with  different  treatments.  The  primary 
statistical  test  used  to  analyze  experimental  data  for  significant  difference  was 
two-tailed  Student’s  t  test  for  paired  samples.  Typically,  three  independent 
experiments  were  performed  prior  to  data  analysis.  Although  the  majority  of 
experiments  utilized  pooled  rat  brain  from  8  male  Sprague-Dawley  rats  and  an 
argument  could  be  made  for  using  N=8  multiplied  by  the  number  of  replicates,  an 
N=3  to  represent  mean  values  from  each  independent  performed  experiment 
was  used  for  more  conservative  analyses.  Statistical  significance  was 
considered  to  be  p  <  0.05. 
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RESULTS 


Thapsigargin  distinguishes  two  Ca2*  uptake  pools  in  rat  brain 
To  investigate  the  properties  of  rat  brain  Ca2*  sequestering 
compartments,  we  monitored  Ca2*  transport  into  homogenates  and  microsomes 
as  described  in  METHODS.  Vesicles  derived  from  the  sarco-endopiasmic 
reticulum  (SR-ER)  can  accumulate  Ca2*  using  the  energy  derived  from  ATP 
hydrolysis  [51,  52,  134].  To  study  the  TG-I  Ca2*pool  specifically,  we  utilized 
Mg2*  and  ATP-dependent  45Ca2*  uptake  in  rat  brain  preparations  in  the 
presence  of  TG.  The  Ca2*  uptake  buffer  we  utilized  contains  an  ATP- 
regenerating  system  and  sodium  azide,  an  inhibitor  of  the  P ^P q  AXP3S0,  \Afhich 
effectively  excluded  mitochondria  from  contributing  to  net  ATP-dependent  Ca2* 
sequestration  [139,  140].  Crude  homogenate  preparations  and  microsomes 
potentially  contain  revesicularized  plasma  membranes  along  with  its  resident 
Ca2*  ATPase,  the  PMCA.  The  PMCA  is  not  sensitive  to  TG  inhibition.  Thus,  it  is 
possible  that  revesicularized  plasma  membrane  could  contribute  to  the  TG-I 
Ca2*  uptake.  Digitonin,  a  saponin  detergent,  can  selectively  permeabilize  the 
cholesterol-rich  plasma  membrane  at  low  concentrations  [140].  A  10pM 
concentration  of  digitonin  maximally  permeabilizes  the  plasma  membrane  and 
this  concentration  was  found  to  have  no  effect  on  Ca2*  accumulation  in  either 
brain  homogenates(data  not  shown)  or  microsomes  (Pigure  10).  To  safeguard 
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against  the  variable  contribution  of  plasma  membrane  vesicles  to  Ca2* 
accumulation  in  different  preparations,  10pM  digitonin  was  routinely  included  in 
all  assays.  To  distinguish  Ca2*  accumulation  into  membranous  compartments 
from  non-specific  Ca2*  binding,  we  utilized  the  Ca2*-specific  ionophore,  A23187. 
This  compound  prevents  the  ability  of  membranous  compartments  to 
concentrate  Ca2*,  and  potently  inhibited  Ca2*  accumulation  in  our  assays  with 
an  IC50  of  3nM  and  maximal  inhibition  at  iOOnM.  In  all  assays,  any  signal 
measured  in  the  presence  of  10pM  A23187  was  thus  subtracted  out  to  monitor 
only  specific  Ca2*  accumulation. 

Ca2+  accumulation  in  rat  brain  crude  homogenates  (Figure  2A)  and 
microsomes  (Figure  2B)  performed  in  a  buffer  containing  oxalate  as  the  sole 
co-transported  anion  display  progressive  uptake  activity  over  a  three  hour  time 
course.  By  utilizing  IOOnM  TG  (1  nmol/mg),  a  dose  which  effectively  inhibits 
SERCA  activity  [110,  1 16],  the  total  Ca2+  accumulation  can  be  resolved  into  two 
distinct  activities  referred  to  as  the  TG-sensitive  (TG-S)  and  the  TG-insensitive 
(TG-I)  components.  The  uptake  activity  in  isolated  microsomes  is  qualitatively 
and  quantitatively  similar  to  that  of  crude  homogenates,  indicating  that  the 
microsomal  preparation  contains  the  majority  of  ER-like  Ca2*  accumulating 
compartments.  By  subtracting  the  TG-I  activity  from  total  Ca2*  accumulation,  the 
TG-S  component  is  selectively  displayed.  Ca2*  accumulation  into  the  TG-S  and 
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Figure  2.  Thapsigarg in-resistant  Ca2*  accumulation  in  rat  brain  homogenates 
and  microsomes.  Energy-dependent  45Ca2*  uptake  was  measured  over  3  hrs  in 
rat  whole  brain  crude  homogenates  (A)  and  microsomes  (B-D)  utilizing  buffers  in 
which  the  predominant  anion  was  either  oxalate  (top  two  panels),  phosphate 
(lower  left),  or  chloride  (lower  right).  Calcium  uptake  was  determined  in  the 
absence  and  presence  of  thapsigargin  (lOOnM  or  Inmolmg  protein)  as  described 
in  Materials  and  Methods.  A.  In  the  absence  of  thapsigargin,  rat  brain 
homogenates  display  robust  Ca2*  accumulation  in  oxalate-based  buffers  (total, 
open  triangles)  which  approaches  saturation  at  approximately  2  hrs.  Although 
Ca2*  uptake  is  markedly  diminished  in  the  presence  of  thapsigargin,  a  distinct 
thapsigargin-insensitive  component  (TG-I,  dark  circles)  continues  to  increase 
linearly  representing  -  30%  of  total  accumulation  at  3  hrs.  By  subtracting  the  TG- 
I  component  from  the  total,  a  thapsigargin  sensitive  component  (TG-S,  open 
circles)  can  be  distinguished  from  the  TG-I.  B.  Oxalate-supported  rat  brain 
microsomal  Ca2*  accumulation  accounts  for  most  of  the  uptake  seen  in 
homogenates  and  is  also  composed  of  distinct  TG-I  and  TG-S  components.  C. 
Phosphate-supported  Ca2*  uptake  in  brain  microsomes  is  less  robust  than  with 
oxalate  and  shows  much  earlier  saturation  of  both  the  TG-S  and  TG-I 
components  with  the  TG-I  representing  a  greater  proportion  of  the  overall  Ca2+ 
accumulation.  D.  In  chloride-based  buffers  microsomal  Ca2*  uptake  is  markedly 
reduced  and  primarily  represents  the  TG-I  component.  In  all  Ca2*  uptake 
experiments,  non-specific  signal,  as  measured  in  the  presence  of  10mM  A23187, 
was  subtracted  out.  Each  data  point  represents  the  mean  of  assessments 
performed  in  triplicate  and  the  graphs  shown  are  representative  of  two 
experiments  which  varied  less  than  5%. 


Ca2+  Uptake  (nmol/mg  protein) 


figure  2 


A.  Homogenate  -  Oxalate  B.  Microsomes  -  Oxalate 


Time  (min) 


42 


TG-I  components  can  be  distinguished  by  their  kinetics.  TG-S  Ca2*  uptake  in 
oxalate-supported  assay  buffer  appears  to  saturate  by  2  to  3  hrs  incubation 
while  TG-I  Ca2*  uptake  increases  linearly  over  3  hrs  of  incubation.  The  relative 
contribution  of  TG-S  and  TG-I  to  the  total  Ca2*  accumulation  in  our  experiments 
is  highly  dependent  on  the  predominant  anion  present  in  the  buffer.  In  buffers 
which  contain  oxalate  as  the  predominant  anion  the  TG-S  and  TG-I 
components  represent  86.4  and  13.6%  of  the  total  Ca2+ accumulation  at  1  hr, 
respectively.  With  phosphate-based  buffers  the  TG-S  and  TG-I  components 
appeared  to  saturate  by  -  1  hr.  At  this  time  point,  the  TG-S  and  TG-I 
components  represent  60.7  and  39.3%  of  the  total  Ca2*  accumulation  (Figure 
2C)  with  this  ratio  being  variable  with  time  prior  to  saturation.  Compared  with 
oxalate,  the  phosphate-based  buffer  has  lower  overall  Ca2+  accumulation  but  a 
greater  proportion  of  the  TG-I  component.  In  chloride-based  buffers,  overall 
Ca2+ accumulation  is  further  reduced,  however,  a  minimal  sensitivity  to  TG- 
inhibition  is  observed  (Figure  2D).  Thus,  the  detection  of  the  TG-I  component 
of  overall  Ca2*  accumulation  is  highly  dependent  on  assay  conditions. 
Subsequent  comparisons  of  the  TG-S  and  TG-I  compartments  were  therefore 
performed  in  phosphate-containing  buffers  at  60  min  incubation  times.  The 
kinetic  studies  described  above  were  performed  in  glass  test  tubes  and 
harvested  over  GF/B  filters  which  were  pre-soaked  0.03%  polyethyleneimine 
(PEI).  PEI  treatment  imparts  a  positive  charge  to  the  glass  fiber  filters,  which 
increases  protein  capture  by  the  filters  while  reducing  non-specific  45Ca2+ 
binding  to  the  filters.  In  subsequent  studies  uptake  reactions  were  carried  out 
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in  Millipore  96-well  MAFB  filter  microplates,  which  could  be  filtered  using  a 
vacuum  manifold  and  counted  in  a  96-well  plate  radiation  counter.  PEI  could 
not  be  used  with  these  plates.  Results  obtained  using  this  methodology  were 
qualitatively  similar  to  those  presented  above,  however,  lower  total  amount  of 
Ca2+  accumulation  per  mg  protein  was  seen. 

Thapsigargin  dose-dependently  inhibited  Ca2+  uptake  in  phosphate- 
based  buffers  in  a  biphasic  manner  (Figure  3A)  similar  to  our  previous  findings 
in  studies  with  brain  microsomes  using  buffers  which  contained  a  combination 
of  oxalate  and  chloride  [140,  141].  Over  the  dose  range  of  lOpM  -  -  InM,  TG 
produced  -  80%  inhibition  of  the  overall  Ca2*  accumulation  and  this  component 
represents  the  TG-S  described  above.  The  potent  inhibitory  effect  of  TG  is 
consistent  with  its  action  on  all  known  SERCAs  [83].  The  -  20%  of  Ca2* 
accumulation  which  remains  (TG-I)  is  inhibited  by  TG  only  at  high  micromolar 
concentrations.  This  is  consistent  with  several  other  reports  examining  TG-I 
Ca2+ accumulation  in  cultured  cell  lines  (see  [143]  for  an  example).  In  Figure  3B 
the  amount  of  Ca2+  accumulation  remaining  in  the  presence  of  10nM  TG  was 
subtracted  from  the  total  to  resolve  the  TG-S  and  TG-I  components.  Ca2* 
uptake  expressed  as  percent  inhibition  of  the  two  distinct  pools  clearly  shows 
that  TG-S  component  can  be  distinguished  from  the  TG-I  component  by  its  > 

1 ,000-fold  higher  sensitivity  to  TG. 
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Figure  3.  Thapsigargin  (TG)  sensitivity  distinguishes  two  distinct  components  of 
brain  microsomal  Ca2*  accumulation.  A.  Phosphate-supported  45Ca2*  uptake  was 
monitored  in  whole  rat  brain  microsomes  for  60  min  in  the  presence  of  increasing 
concentrations  of  TG.  A  biphasic  inhibition  of  Ca2*  uptake  is  produced  by  TG  with 
a  distinct  component  of  Ca2*  uptake  being  sensitive  to  TG  over  a  range  of  lOpM 
-  10nM.  A  second  inhibitory  action  of  TG  on  the  remaining  Ca2*  uptake  activity  is 
observed  over  the  range  of  TG  from  ImM  -  lOOmM.  The  two  distinct  calcium 
accumulating  activities  distinguished  by  high  and  low  sensitivities  to  TG  inhibition 
are  referred  to  as  the  TG-S  and  TG-I  components,  respectively.  The  data 
represent  means  +/-  SE  of  three  independent  experiments  performed  in 
triplicate.  B.  The  TG-S  and  TG-I  components  are  displayed  separately  with  their 
respective  sensitivities  to  TG  depicted  as  percent  inhibition.  For  this 
representation,  the  TG-S  component  (open  circles)  was  determined  by 
subtracting  Ca2+ accumulation  in  the  presence  of  10nM  TG  from  the  total.  The 
remaining  activity  represents  the  TG-f  component  (closed  circles). 
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FIGURE  3 


A.  B. 


Thapsigargin  (Log  M) 
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To  determine  whether  the  TG-I  Ca2*  uptake  in  brain  microsomes  reflects 
the  activity  of  a  Mg2*-ATPase,  we  studied  the  dependence  of  this  activity  on 
ATP  and  Mg2\  Figure  4  shows  that  Ca2*  accumulation  by  brain  microsomes 
into  both  the  TG-S  and  TG-I  components  has  an  absolute  requirement  for  ATP 
and  Mg2*.  In  these  studies,  the  two  components  were  distinguished  by  the 
presence  of  lOOnM  TG.  Vanadate,  a  well  known  inhibitor  of  P-type  ATPases, 
inhibits  Ca2*  uptake  in  the  absence  and  presence  of  TG  suggesting  that  TG-I 
Ca2+  uptake  may  also  be  mediated  by  a  P-type  ATPase. 


TG-S  and  TG-I  Ca 2*  uptake  activities  display  similar  dependencies  for 
ATP,  Mg2*,  and  Ca2* 

The  ATP,  Mg2*,  and  Ca2*-dependencies  of  Ca2*  accumulation  in  brain 
microsomes  were  studied  in  the  absence  and  presence  of  TG  (1  nmol/mg 
protein).  The  data  shown  in  Figure  5A,  B,  and  C  demonstrated  that  the  total 
and  TG-I  Ca2*  uptake  components  were  similarly  dependent  on  ATP,  Mg2*,  and 
Ca2*,  respectively.  Increasing  concentrations  of  these  reagents  results  in 
increased  uptake  rising  to  a  peak  activity.  In  all  cases,  the  effective 
concentrations  of  these  agents  producing  peak  activity  is  approximately  the 
same  for  both  TG-S  and  TG-I  components.  Maximal  uptake  occurs  at  about 
ImM  for  ATP;  2mM  for  Mg2*;  and  5pM  for  Ca2*  (Figure  4  and  Table  2).  The 
bell-shaped  dependencies  of  uptake  activity  for  the  TG-S  and  TG-I  Ca2*  uptake 
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components  depicted  has  been  described  for  enzymatic  activity  of  Ca2*- 
ATPases  [48], 
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Figure  4.  TG-I  Ca2*  as  uptake  requires  ATP  and  Mg2*,  and  is  inhibited  by 
vanadate.  To  determine  the  relative  dependencies  of  the  TG-S  and  the 
TG-I  on  ATP  and  Ca2*,  uptake  assays  were  performed  as  in  Figure  2,  but  with  or 
without  lOOnM  TG  added  to  the  buffer.  While  the  TG-S  (open  bars)  component 
was  larger  in  magnitude  than  the  TG-I  component  (filled  bars),  both  pools 
showed  a  similar  dependency  on  ATP  and  Mg2*  as  well  as  inhibition  by  vanadate 
when  expressed  in  terms  of  percentage,  as  in  Figure  3. 
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Figure  5.  Optimal  ATP,  Mg2*,  and  Ca2*concentrations  are  similar  for  TG-I  and 
TG-S  components.  Uptake  assays  were  performed  as  in  Figure  3,  but  over  a 
varying  range  of  ATP  and  Mg2*  concentrations  (5A  and  B,  respectively).  Both 
agents  stimulated  TG-S  (open  circles)  and  TG-I  (closed  circles)  Ca2*  uptake  up 
to  a  maximum  followed  by  a  decline  in  uptake  at  higher  concentrations.  Values 
represent  means  +/-  SE  from  three  separate  experiments,  with  maximal  Ca2* 
uptake  for  ATP  and  Mg2*  23.6  and  24.6  nmol/mg  protein,  respectively.  C.  To 
monitor  the  influence  of  free  Ca2*  levels  on  total  and  TG-I  Ca2*  accumulation, 
buffers  containing  identical  amounts  of  total  Ca2*  were  titrated  to  varying  free 
Ca2*  levels  using  EGTA  and  Ca2*-specific  electrode,  as  described  in  Methods. 
Ca2*  also  activated  TG-S  and  TG-I  Ca2*  uptake  to  a  maximum  at  5mM.  Further 
increase  in  free  Ca2*  produced  relative  inhibition  for  both  Ca2*  accumulating 
activities. 
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TG-S  and  TG-I  Ca2*  uptake  mechanisms  display  similar  temperature 
dependency,  but  unique  sensitivity  to  redox  modification 

The  sensitivity  of  TG-S  and  TG-I  Ca2*  uptake  activities  was  determined 
for  temperature  and  dithiothreitol  (DTT),  as  shown  in  Figure  6A  and  B, 
respectively.  Both  components  were  similarly  sensitive  to  temperature,  with 
maximum  uptake  occurring  at  37  °C.  Decreasing  temperature  to  room 
temperature  resulted  in  -  50%  decrease  in  TG-S  and  TG-I  Ca2+  uptake.  A 
further  decrease  to  4  °C  virtually  eliminated  Ca2+  accumulation  in  either 
compartment. 

The  TG-S  and  TG-I  Ca2*  uptake  activities  were  found  to  be  uniquely 
sensitive  to  DTT,  a  reagent  which  perserves  protein  function  by  protecting 
sulfhydryl  groups  (Figure  6B).  The  structure  and  function  of  many  proteins  are 
dependent  on  the  maintenance  of  sulfhydryl  groups  (-SH),  and  SERCA  activity 
is  known  to  be  highly  sensitive  to  sulfhydryl  group  modification  and  temperature 
changes  [28].  TG-S  Ca2*  uptake  is  stimulated  by  DTT  in  a  dose-dependent 
manner,  displaying  a  50%  increase  observed  at  a  concentration  of  10mM  as 
compared  to  100pM.  In  contrast,  TG-I  Ca2*  uptake  was  insensitive  to  the 
presence  of  DTT  over  the  concentrations  used. 
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Figure  6.  TG-I  and  TG-S  Ca2*  accumulation  have  similar  temperature 
dependencies,  but  unique  sensitivity  to  DTT,  Ca2*  uptake  into  TG-S  and  TG-I 
components  was  determined  as  described  in  phosphate-supported  buffer  at 
different  temperatures  (A)  and  with  different  added  amounts  of  DTT  (B).  Both 
components  of  Ca2*  uptake  are  similarly  temperature  dependent  while  only  the 
TG-S  appears  to  be  influenced  by  DTT.  Results  are  representative  of  means 
observed  in  at  least  two  experiments  performed  in  triplicate.  Mean  +/-  SEM 
values  (n=3)  are  shown  for  the  temperature  sensitivities  studies. 
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TG-S  and  TG- 1  Ca 2*  uptake  are  distinguished  by  sensitivities  to  other  ion- 
motive  ATPases  inhibitors 
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In  addition  to  TG,  all  known  SERCA  isoforms  are  also  inhibited  by  BHQ 
and  CPA  (Figure  7A  and  B).  Both  of  these  agents  demonstrate  dose- 
dependent  inhibition  of  brain  microsome  Ca2*  uptake  with  the  suggestion  of  a 
biphasic  pattern  similar  to  that  seen  with  TG  (Figure  7A).  BHQ  and  CPA  were 
less  potent  than  TG  in  inhibiting  Ca2*  uptake,  having  ICsq’s  of  500nM  and  5pM, 
respectively.  Similar  to  the  effects  seen  with  TG,  the  effect  of  BHQ  shown  in 
Figure  7A  plateaus  between  10  -  100pM.  The  plateau  identified  by  TG  doses 
between  10nM  -  IpM  appears  equivalent  to  that  demonstrated  by  BHQ.  CPA 
also  appears  to  level  off  at  the  same  plateau,  although  the  effect  is  not  as 
obvious.  BHQ  and  CPA  (100pM,  Ipmol/mg  protein)  are  not  additive  with  TG  (1 
nmol/mg  protein)  (Figure  7B).  BHQ  and  CPA  possess  chemically  distinct 
structures  and  presumably  inhibit  SERCA  activity  differently  compared  to  TG. 
This  finding  further  indicates  that  the  TG-S  and  TG-I  Ca2*  uptake  are  mediated 
by  distinct  mechanisms. 

Ion  accumulating  mechanisms  are  ubiquitously  expressed  in  cells,  and 
Ca2*  is  known  to  accumulate  into  many  different  organelles,  such  as 
mitochondria  and  secretory  vesicles.  These  organelles  are  thought  to 
accumulate  Ca2*  through  the  use  of  ion  exchange  mechanisms  secondary  to 
the  concentration  of  a  different  cation  within  their  lumens.  Table  2  summarizes 
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Figure  7.  Other  SERCA  inhibitors  also  distinguish  between  the  TG-S  and  TG-I 
components  and  are  not  additive  with  thapsigargin.  Rat  brain  Ca2*  accumulation 
is  inhibited  in  a  biphasic  manner  by  the  SERCA  inhibitors,  BHQ  and  CPA  (A). 
The  effects  of  these  agents  are  non-additive  with  that  of  TG  (B).  Results  are 
representative  of  means  +/-  SE  observed  in  at  least  three  separate  experiments, 
and  indicate  that  the  mechanism  responsible  for  TG-I  Ca2*  uptake  is  not 
mediated  by  known  SERCAs. 


FIGURE  7 


Inhibitor  (Log  M) 
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the  effects  of  several  different  ATPase  inhibitors  and  ionophores  on  TG-I  Ca2* 
uptake.  As  shown  above  (Figure  4),  TG-I  Ca2*  uptake  activity  is  sensitive  to 
vanadate  inhibition,  which  suggests  the  involvement  of  a  P-type  ATPase. 
Another  recently  described  PMCA  pump  inhibitor,  eosin  Y,  appears  to  equally 
inhibit  TG-S  and  TG-I  Ca2+  uptake  (ICso  -  5pM).  Other  specific  ATPase 
inhibitors  are  ineffective  at  inhibiting  TG-I  Ca2+  uptake.  Omeprazole  and 
ouabain  are  specific  P-type  pump  inhibitors  for  the  gastric  KVhT-pump  and  the 
Na7K+-ATPase,  respectively.  The  lack  of  effect  of  these  two  inhibitors  on  TG-I 
activity  argues  against  the  involvement  of  their  target  ATPases  in  filling  this 
Ca2+  pool.  Oligomycin,  an  ATPase-synthase  inhibitor,  also  has  no  effect  on  TG- 
I  uptake,  suggesting  that  mitochondrial  uptake  is  not  responsible  for  TG-I 
activity.  Furthermore,  the  ATP  synthase  inhibitor  sodium  azide  was  routinely 
present  in  the  assay  buffer  of  Ca2*  uptake  experiments,  and  the  free  Ca2+  was 
maintained  at  250nM,  well  below  the  concentration  required  to  stimulate 
mitochondrial  uptake.  Bafilomycin,  a  specific  inhibitor  of  V-type  H+-ATPases 
which  acidify  secretory  vesicles,  is  also  ineffective  at  inhibiting  TG-I  Ca2* 
uptake.  FCCP,  a  potent  protonophore  which  collapses  proton  gradients  had  no 
effect  on  TG-I  Ca2*  accumulation.  Monensin,  a  H7Na*  ionophore,  also  was 
unable  to  prevent  loading  into  the  TG-I  Ca2*  store.  In  fact,  none  of  the 
ionophores  studied  (other  than  A23187)  had  any  effect  on  TG-I  Ca2*  uptake, 
which  strongly  argues  against  an  ion  exchange  process  involving  H*.  Na*.  or  IO 
ions.  Collectively,  this  data  suggests  that  TG-I  Ca2*  accumulation  is  not 
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Table  2.  TG-I  Ca2*  uptake  is  sensitive  to  SERCA  and  general  P-type  inhibitors, 
and  does  not  appear  to  be  the  result  of  cation  exchange  mechanisms.  Brain 
microsomal  Ca2*  accumulation  was  performed  at  optimal  ATP  and  Ca2+ 
concentrations  and  was  measured  in  the  presence  of  lOOnM  TG  and  high  doses 
of  known  ATPase  inhibitors  or  ionophores.  Data  are  representative  of  results 
from  at  least  three  independent  experiments  performed  in  triplicate.  TG-I  Ca2* 
uptake  was  inhibited  by  very  high  concentrations  of  known  SERCA  inhibitors 
(under  the  heading,  “Known  SERCA  inhibitors”),  as  well  as  by  the  general 
ATPase  inhibitors  vanadate  and  eosin.  Concentrations  of  other  specific  cation 
pump  inhibitors  up  to  ten-fold  above  their  known  effective  dose  had  no  effect  on 
TG-I.  The  inhibitors  evaluated  were  ouabain,  omeprazole,  oligomycin,  and 
bafilomycin.  The  target  ATPases  and  the  effective  dose  of  these  inhibitors  is 
listed  in  the  table.  Similarly,  ionophores  specific  for  Ca2+  and  several  other 
cations  (Na+/H+/  and  K+)  were  monitored  for  their  effects  on  TG-I  Ca2*  uptake, 
and  the  results  listed  under  “Ionophores”  in  the  table.  Only  the  Ca2+-specific 
ionophore,  A23187,  had  any  effect  on  the  TG-I  compartment.  Results 
demonstrate  that  the  TG-I  mechanism  is  not  mediated  by  classical  SERCA 
activity,  and  the  Ca2*  sequestration  into  the  TG-I  compartments  is  not  due  to 
secondary  exchange  of  Ca2+  for  another  cation. 
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Table  2.  Pharmacology  of  TG-I  Ca2+  Uptake 
in  Brain  Microsomes 


Reagent  IC^  or  EC^ 


Calcium 

5pM  (peak  accumulation) 

ATP 

1-2mM  (peak  accumulation) 

Magnesium 

t  -3mM  (peak  accumulation) 

Known  SERCA  Inhibitors 

(SERCA  1C,,): 

Thapsigargin  (inM) 

3pM 

Cyclopiazonic  acid  (5pM) 

ImM 

BHQ  (500nM) 

>  100fiM 

Vanadate  (lOOpM) 

lOOpM 

Other  ATPase  Inhibitors 

(ATPase  inhibited:  effective  inhibitory  doses): 

Eosin  Y  (PMCA;  40pM) 

1-1  GpM 

Omeprazole  (KW  Pump;  10pM) 

> lOOpM 

Oligomycin  (F^jATPase;  lOOuM) 

>  ImM 

Ouabain  (Na‘/K*  ATPase;  10nM) 

>  IOOjiM 

Bafilomycin 

(vesicular  H+  ATPase;  100nM-1^M) 

>  lOOnM 

lonophores 

(Specific  ion); 

A23187  (Ca2+) 

3nM 

Nigericin  (Na+/H+;  l*iM) 

>  lOpM 

Gramicidin  (HVK+/Na*;  IpM) 

>  lOpM 

Monensin  (H+/KVNa+;  ipM) 

>  lOpM 

FCCP  (FT;  InM) 

>  lOpM 
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mediated  by  ion  exchange  mechanisms,  and  does  not  involve  significant 
contributions  from  mitochondria  or  acidified  compartments  such  as  secretory 
vesicles,  lysosomes,  and  endosomes. 

TG-I  Ca2+  uptake  mechanism  is  associated  with  ATPase  activity  and 
phospho-enzyme  intermediate  formation 

TG-I  Ca2*  uptake  was  studied  for  the  association  of  Ca2*  transport  and 
ATP  hydrolysis.  Ca2+  uptake  buffers  containing  a  concentration  curve  of  free 
Ca2*  were  made  by  chelex  resin  (immobilized  EDTA)  titration.  As  described  in 
METHODS,  a  routine  uptake  assay  was  performed  on  brain  microsomes  in  filter 
microplates  for  30  min,  after  which  vacuum-filtration  was  performed.  A  clear 
plastic  96-well  microplate  was  strategically  placed  in  the  filtration  path  to  collect 
the  filtrate.  An  aluminum  molybdate  solution  added  to  the  filtrate  reacted  with 
liberated  phosphate  forming  a  colored  complex  which  was  measured 
spectrophotometrically  at  410  nm.  This  method  directly  couples  Ca2*  uptake 
activity  and  the  measurement  of  ATP  hydrolysis.  Since  we  sought  to  measure 
ATP  activity  by  monitoring  the  production  of  liberated  phosphate,  an  oxalate- 
supported  buffer  was  utilized  instead  of  the  standard  phosphate-based  buffers 
routinely  used  otherwise.  Figure  8A  demonstrates  the  total  and  TG-I  Ca2* 
uptake  components  are  similarly  stimulated  by  varying  concentrations  of  free 
Ca2\  Absorbance  activity  at  3nM  free  Ca2*  was  assumed  to  represent  the 
activity  of  Ca2*-independent,  Mg2*-dependent  ATPases  ubiquitous  in  most 
cellular  and  subcellular  preparations,  including  microsomes.  Increasing 
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concentrations  of  free  Ca2+  stimulate  the  ATP  hydrolytic  activity  producing  a 
bell-shaped  curve  to  a  peak  at  approximately  5pM  for  total  and  TG-I  activities 
(Figure  8A).  Increasing  free  Ca2+  above  5pM  apparently  inhibited  pump  activity, 
an  observation  similar  to  that  reported  in  other  brain  microsomal  preparations 
[48,  116]. 

To  further  explore  the  involvement  of  a  P-type  ATPase  in  mediating  the 
TG-I  Ca2*  accumulation,  we  determined  whether  a  Ca2*-stimulated  [32P] 
phospho-enzyme  intermediate  that  was  insensitive  to  SERCA  inhibitors  could 
be  detected  in  brain  microsomes.  SERCAs  are  P-type  ATPases  which  form  a 
covalent  phosphorylated  enzyme  intermediate  as  part  of  their  Ca2*  transport 
cycle.  Although  this  intermediate  normally  occurs  at  a  rapid  rate,  the  phospho- 
enzyme  intermediate  can  be  trapped  at  4  °C  and  precipitated  with 
trichloroacetic  acid.  Brain  microsomes  form  a  [32P]  phospho-enzyme 
intermediate  in  a  Ca2*-stimulated  manner.  While  the  SERCA  inhibitors  TG 
(500nM),  CPA  (500pM),  and  BHQ  (750pM)  inhibit  about  75%  of  total  phospho- 
enzyme  formation,  about  25%  of  the  phospho-enzyme  activity  is  insensitive  to 
these  inhibitors  but  is  sensitive  to  inhibition  by  EGTA  (5mM)  (Figure  8B).  Gel 
electrophoretic  analysis  of  Ca2+-stimulated  [32P]  phospho-enzyme  activity  shows 
a  diffuse  band  at  approximately  110  kDa,  consistent  with  the  molecular  weight 
of  SERCAs  (Figure  8C).  While  EGTA  abolishes  [®P]  incorporation  into  this 
region,  the  SERCA  inhibitors  are  only  partially  effective.  These  results  suggest 
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that  a  P-type  Ca2*  pump  similar  to  SERCA,  but  differing  in  inhibitor  sensitivity, 
may  be  involved  in  mediating  the  TG-I  Ca2*  accumulation. 
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Figure  8.  TG  distinguishes  two  distinct  calcium  stimulated  ATPase  and  phospho- 
enzyme  intermediate  activities.  ATPase  assays  were  performed  as  described  in 
Materials  and  Methods.  A.  TG-S  and  TG-I  calcium-activated  ATPase  activities 
display  a  bell-shaped  response  to  varying  free  calcium  levels  comparable  to  that 
in  calcium  uptake  assays.  Values  are  representative  of  mean  absorbance  units 
(AU)  at  410  nm.  The  experiment  was  carried  out  twice  with  6  replicates 
determinations  for  each  data  point.  B.  Rat  brain  microsomes  covalently 
incorporated  radioactivity  from  [y32P]-ATP  at  4oC  in  a  calcium-dependent 
manner.  About  25%  of  total  Ca2*-induced  phospho-enzyme  formation  was  not 
sensitive  to  TG,  BHQ,  CPA,  or  combinations  thereof  (data  not  shown).  C.  Acidic 
gel  electrophoresis  of  phospho-enzyme  intermediate  reactions  revealed  a 
radiolabeled  protein  band  with  a  molecular  weight  of  about  110  kDa,  which 
corresponds  to  the  mw  of  known  SERCA.  SERCA  inhibitors  alone  or  in 
combination  only  partially  inhibited  this  signal.  No  labeling  was  seen  in  the 
presence  of  the  Ca2*-specific  chelator,  EGTA  (5mM).  These  results  suggest  that 
a  novel  Ca2*-stimulated  ATPase  with  an  associated  phospho-enzyme  formation 
and  mw  similar  to  that  of  known  SERCAs  mediates  uptake  into  the  TG-I 
compartment. 
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TG-S  and  TG-I  Ca2*  sequestering  compartments  both  contain  passive 
efflux  pathways 

Intracellular  Ca 2*  buffering  compartments  are  capable  of  accumulating  as 
well  as  releasing  Ca2*.  Thus,  TG  treatment  of  cultured  cells  results  in  a  rapid 
emptying  of  ER  Ca2*  stores  [19,  83,  107].  This  passive  Ca2*  efflux,  or  leakage, 
from  intracellular  stores  is  poorly  understood  but  is  distinguished  from  Ca2* 
efflux  mediated  by  IP3Rs  and  RyRs  [105].  To  determine  whether  the  TG-I  Ca2* 
sequestering  compartment  exhibits  passive  Ca2*  efflux,  we  performed  kinetic 
studies  in  which  Ca2*  accumulation  was  allowed  to  proceed  for  90  min  at  which 
point  1  pM  TG  was  added.  Aliquots  of  the  reaction  were  removed  at  different 
times  both  during  the  90  min  uptake  period  and  following  TG  addition.  These 
aliquots  were  then  filtered,  washed,  and  counted  for  their  45Ca2*  content.  The 
addition  of  IpM  TG  inhibits  SERCA  activity  and  results  in  a  progressive  efflux  of 
calcium  which  was  accumulated  into  the  TG-S  compartment  (Figure  9).  A 
significant  portion  of  the  accumulated  calcium  which  does  not  appear  to  leak 
out  of  brain  microsomes  can  be  made  to  leak  out  upon  the  further  addition  of 
ImM  vanadate.  Similar  results  were  seen  with  ImM  eosin  (data  not  shown). 

This  presumably  represents  passive  Ca2*  efflux  from  the  TG-I  compartment. 
Vanadate  and  eosin  inhibit  both  TG-I  and  TG-S  Ca2*  accumulation  and  their 
addition  after  90  min  of  uptake  results  in  efflux  of  all  accumulated  Ca2*.  Initial 
rates  of  efflux  appear  to  be  similar  from  the  TG-S  and  TG-I  compartments. 
A23187  addition  rapidly  releases  (<  5min)  all  sequestered  Ca2*  with  much  faster 
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kinetics  than  the  spontaneous  efflux.  These  results  suggest  that  the  TG-I  Ca2* 
sequestering  compartment  may  be  involved  in  the  uptake  and  release  of 
intracellular  Ca2+  and  may  thus  play  a  significant  role  in  buffering  cytoplasmic 

Ca2*. 
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Figure  9.  TG-S  and  TG-I  Ca2*  accumulating  compartments  exhibit  similar 
passive  Ca2*  efflux  pathways.  Ca2*  flux  studies  were  performed  in  brain 
microsomes  as  described  in  Methods  to  compare  the  passive  efflux 
characteristics  of  the  TG-S  and  TG-I  components.  At  near  saturation  of  Ca2* 
accumulation  (90  min),  maximally  effective  TG  (IpM;  10  nmol/mg)  was  added  to 
the  reaction,  which  resulted  in  progressive  loss  of  accumulated  Ca2*  with  the 
microsomes,  presumably  due  to  the  passive  efflux  from  TG-S  Ca2* 
compartments.  Around  60  min  after  TG  addition,  Ca2*  accumulation  appeared  to 
reach  a  new  steady  state,  which  was  approximately  50%  of  levels  at  near 
saturation.  Vanadate  (ImM)  addition  to  the  reaction  at  180  min  to  block  all 
ATPase  activity  results  in  release  of  the  remaining  Ca2*.  When  ImM  vanadate 
or  eosin  (open  thangle)  are  added  at  near  saturation  all  Ca2*  is  passively 
released  over  time.  Similar  initial  rates  of  Ca2*  release  are  seen  for  all  ATPase 
inhibitor-induced  passive  efflux  phases  (TG,  vanadate,  eosin).  Adding  10pM 
A23187  at  near  saturation  to  introduce  an  artificial  leak  path  for  Ca2*  results  in 
complete  emptying  of  all  sequestered  Ca2*  within  five  min. 
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IP3R  and  RyR  channel  activators  do  not  promote  release  from  rat  brain 
TG- 1  compartments 

In  addition  to  passive  efflux  pathways,  intracellular  ER  Ca2* 
compartments  contain  specific  Ca 2*  release  channels  which  allow  the 
stimulation  of  release  of  the  sequestered  Ca2*  by  the  second  messenger  IP3 
(via  IP3R)  or  by  Ca2*  itself  (via  RyR).  Although  Ca2*  is  believed  to  be  the 
endogenous  activator  of  RyR,  high  millimolar  doses  of  caffeine  are  used 
experimentally  to  activate  release  via  this  channel.  Two  recently  described 
novel  second  messenger  molecules,  cADPr  and  NAADP,  have  also  been 
proposed  to  activate  release  channels  located  on  TG-I  compartments  of 
salivary  glands  cells  and  sea  urchin  egg  homogenates,  respectively  [45,  148]. 

To  determine  the  sensitivity  of  TG-I  and  TG-S  compartments  to  activators  of 
IP3R  and  RyR,  we  earned  out  Ca2*  uptake  assays  in  the  presence  and  absence 
of  TG  in  which  were  included  either  30pM  IP3,  50mM  caffeine,  10pM  cADPr,  or 
1 0^iM  NAADP.  In  these  assays  the  added  release  channel  activator  holds  the 
channel  in  an  open  configuration  during  the  uptake  process  thus  resulting  in  a 
ligand-activated  leak  via  a  specific  channel.  The  net  Ca2*  accumulation  can 
thus  be  assessed  for  specific  receptor-mediated  leak  pathways.  This  approach 
has  been  used  successfully  in  the  past  with  rat  brain  microsomes  [139].  Ca2* 
accumulation  into  the  TG-S  compartment  demonstrates  release  activated  IP3, 
caffeine,  cADPr,  and  NAADP  (Table  3).  The  TG-I  compartment  is  insensitive 
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to  ail  of  these  activators.  Our  results  suggest  that  the  TG-S  and  TG-I 
compartments  differ  with  respect  to  their  expression  of  Caz*  release  channels. 
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Table  3.  Effect  of  Ca24  Mobilizing  Agents  on  TG-S  and  TG-I  Ca24 
Accumulation  in  Rat  Brain  Microsomes 

TG-S  TG-I 


Mobilizer 

Ca2*  accumulation 
(%  of  control) 

Ca2*  released 
(%  of  control) 

Ca2*  accumulation 
(%  of  control) 

Ca2*  released 
(%  of  control) 

30jiM  IP3 

62.4  +/-  5.9% 

37.6% 

105.2  -*7-2.8% 

0.0% 

50mM  Caffeine 

39.1  +/-  8.3% 

60.9% 

117.6  +/-  20.9% 

0.0% 

1CVM  cADPr 

84.7  +/-  5.9% 

15.3% 

105.6  +/-  5.9% 

0.0% 

500nM  NAADP 

93.8  +/-  4.4% 

6.2% 

100.4  +/-  3.4% 

0.0% 

Table  3.  TG-S  and  TG-I  compartments  are  differentiated  by  sensitivities  to  Ca24 
mobilizing  agents.  TG-S  and  TG-I  Ca24  accumulating  compartments  were 
monitored  as  previously  described,  except  modified  to  include  known  intracellular 
Ca24  mobilizing  agents  at  listed  effective  concentrations.  Results  are  means  +/- 
SE  of  at  least  three  experiments  performed.  All  mobilizers  were  capable  of 
releasing  a  subset  of  the  compartments  filled  by  TG-S  Ca24  uptake,  with  caffeine 
being  most  extensive.  TG-I  Ca24  uptake  compartments,  however,  were  not 
stimulated  to  release  Ca24  by  any  of  these  agents. 
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The  TG-I  Ca2*  accumulation  is  widely  distributed  in  different  brain  regions, 
different  brain  cell  types,  and  neuronal  and  glial  cell  lines 

TG-I  Ca2*  sequestration  in  rat  brain  microsomal  preparations  was 
previously  shown  to  be  differentially  expressed  in  distinct  brain  regions  with 
higher  levels  seen  in  the  brain  stem  and  spinal  cord  relative  to  striatum  and 
cerebral  cortex  [139].  We  find  similar  differences  in  regional  microsomes 
prepared  from  pig  brain  stem  and  spinal  cord  (Table  4).  Pig  spinal  cord  has 
greater  TG-I  Ca2*  accumulation  than  brain  stem,  followed  by  cerebellum  and 
forebrain.  These  findings  suggest  that  TG-I  Ca2*  accumulation  is  an 
evolutionariiy  conserved  regionally  selective  property  of  mammalian  brain. 

Since  brain  microsomes  represent  subcellular  compartments  from  many 
different  ceil  types,  we  performed  experiments  in  rat  brain  primary  cell  cultures 
of  cerebellar  granule  cells  and  whole  brain  astrocytes.  Both  of  these  cell  types 
demonstrate  TG-I  Ca2*  accumulation  with  the  neuronal  granule  cells  having 
three  times  the  amount  demonstrated  by  the  glial  astrocyte  cells  ( Table  4). 
While  these  cell  types  represent  only  a  sampling  of  brain  cell  types,  the  higher 
levels  of  TG-I  Ca2*  accumulation  in  neuronal  cells  (see  also  below)  may  indicate 
a  unique  role  for  this  process  in  neuronal  function.  Several  different  cancer  cell 
lines  have  been  reported  to  possess  TG-I  Ca2*  accumulating  compartments 
including  the  rat  pheochromocytoma  PC-12  cell  line  derived  from  adrenal 
medulla  [113].  To  see  if  human  brain  derived  cells  also  express  TG-I  Ca2* 
accumulation,  we  compared  the  level  of  TG-I  Ca2*  accumulation  seen  in  PC-12 
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cells  to  that  In  two  different  human  neuronal  cell  lines  and  two  different  human 
glial  cell  lines.  For  these  studies  we  employed  cell  pellet  homogenates  in  the 
presence  of  10pM  digitonin.  This  concentration  of  digitonin  effectively 
permeabilized  the  plasma  membrane  of  >95%  of  cells  as  determined  by  trypan 
blue  labeling  of  PC-12  cells  and  U-87  human  glioblastoma  cells  (Figure  10A). 
Even  10-fold  higher  concentrations  of  digitonin  had  no  effect  on  either  TG-S 
and  TG-I  Ca2*  accumulation  in  rat  brain  microsomes  (Figure  10B)  or  cell 
homogenates  (data  not  shown).  Thus,  plasma  membrane  vesicles  do  not 
contribute  to  the  accumulated  calcium  signal  in  these  studies.  In  the  SH-SY5Y 
human  neuroblastoma  cell  line,  23.1%  of  the  total  Ca2*  accumulation  is 
mediated  by  the  TG-I  component  as  compared  to  29.8%  in  PC-12  cells.  In  the 
NBFL  human  neuroblastoma  cell  line  (developed  and  kindly  provided  by  Dr. 
Aviva  Symes),  only  14.1%  of  the  total  Ca2*  accumulation  is  accounted  for  by 
the  TG-I  component.  In  the  U-251  glioblastoma  cell  line  only  4.4%  of  total  Ca2* 
accumulation  is  sequestered  by  the  TG-I  component  while  this  component 
accounts  for  half  of  the  total  Ca2*  accumulation  (49.1%)  in  U-87  glioblastoma 
cells.  These  findings  demonstrate  that  cells  derived  from  human  brain  also 
contain  TG-I  Ca2*  accumulation  with  widely  varying  proportions  of  TG-S  and 
TG-I  being  expressed  in  different  cell  lines. 
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Table  4.  TG-I  Ca2*  is  widely  and  variably  distributed  in  brain-derived  microsomes 
or  crude  homogenates  from  different  species,  cell  types,  and  cell  lines.  TG-S  and 
TG-I  Ca2*  uptake  were  analyzed  as  described  in  the  indicated  brain-derived 
tissue  and  cell  preparations,  and  percent  TG-I  of  total  Ca2*  accumulation 
reported.  Mean  TG-I  Ca2*  uptake  +/-  SE  from  at  least  three  independent 
experiments  is  shown.  TG-I  Ca2*  uptake  in  pig  brain  microsomes  displays 
regional  variation  with  higher  levels  in  hindbrain  structures.  Also,  TG-I  Ca2* 
uptake  among  two  different  cell  types  of  the  rat  brain  differ  markedly,  as  shown 
by  the  three-fold  increase  in  the  TG-I  activity  of  primary  cerebellar  granule  ceil 
cultures  as  compared  to  whole  brain  astrocytes.  Cancer  cell  lines  display  a  wide 
variation  in  the  TG-I  component  of  the  overall  Ca2*  uptake,  from  a  high  measured 
at  almost  50%  total  Ca2*  uptake  activity  in  highly  malignant  U-87  human 
glioblastoma  cells  to  a  very  low  percent  seen  in  a  different  glioblastoma  cell  line, 
U-251  cells.  Total  Ca2*  uptake,  however,  was  similar  amongst  the  cell  lines 
tested. 
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Table  4.  TG-I  Ca2+  Accumulation  in  Different  Tissue  Preparations 


Tissue  TG-I  Ca2+  Accumulation 

Preparation  (%  of  total) 


Rat  Whole  Brain  Preparations: 


Crude  homogenates 

29.6  +/-  6.8% 

Microsomes 

20.8  +/-  4.8% 

Pig  Regional  CNS  microsomes: 

Spinal  Cord  microsomes 

24.2  +/-  7.1% 

Brainstem  microsomes 

17.6  +/-  1.8% 

Cerebellum  microsomes 

12.1  +/-  2.0% 

Forebrain  microsomes 

11.7+/-  1.2% 

Rat  Brain  Primary  Cell  Cultures: 

Cerebellar  Granular  Cells 

19.7  +/-  5.6% 

Whole  Brain  Astrocytes 

6.4  +/-  2.9% 

Cultured  Cell  Lines: 

U-87  (Glioblastoma,  human) 

49.1  +/-  6.1% 

PC-12  (Pheochromocytoma,  rat) 

29.8  +/-  5.4% 

SH-SY5Y  (Neuroblastoma,  human) 

23.1  +/-0.1% 

NBFL  (Neuroblastoma,  human) 

14.1  +/-  1.6% 

U-251  (Glioblastoma,  human) 

4.4  +/-  0.8% 
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Figure  10.  TG-S  and  TG-I  Ca2*  accumulation  is  not  sensitive  to  digitonin 
permeabilization  of  plasma  membrane.  Low  concentrations  of  digitonin 
preferentially  and  effectively  permeabilize  cells  as  measured  by  trypan  blue 
staining  (A).  Six  well  plates  containing  U-87  and  PC-12  cells  were  incubated  for 
30  min  in  HBSS  in  the  absence  and  presence  of  10pM  digitonin.  Trypan  blue 
exclusionary  dye  was  used  to  measure  plasma  membrane  permeabilization. 
Values  represent  means  +/-  SE  of  cells  from  duplicate  wells  counted  in  triplicate. 
While  staining  in  the  presence  of  HBSS  alone  was  under  10%,  HBSS  with  10pM 
digitonin  effectively  permeabilizes  -  95%  of  U-87  and  PC-12  cells.  B.  Digitonin 
has  no  effect  on  microsomal,  or  brain  homogenate  (data  not  shown),  Ca2* 
accumulation  at  concentrations  up  to  ten-fold  greater  (lOOpM)  than  that  which 
effectively  permeabilized  plasma  membrane  of  cell  cultures.  Maximal  45Ca2* 
uptake  was  considered  uptake  in  the  absence  of  digitonin.  Results  indicate  that 
plasma  membrane  revesicularization  along  with  its  resident  PMCAs  does  not 
contribute  significantly  to  TG-S  and  TG-I  Ca2*  accumulation  in  our  microsome 
preparation. 


FIGURE  10 


HBSS  + 
10fiM  Digitonin 
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The  TG-I  Ca2*  sequestering  compartment  is  enriched  in  rat  nervous  tissue 
and  is  selectively  expressed  in  distinct  brain  regions 

To  determine  the  expression  of  the  TG-I  Ca2*  accumulating  compartment 
in  normal  rat  tissues,  we  employed 45  Ca2*  uptake  assays  in  fresh  frozen 
sections  of  several  different  rat  tissues.  Fresh  frozen  sections  have  previously 
been  shown  to  accumulate 45  Ca2*  in  an  ATP-  and  Mg2* -dependent  manner  with 
the  uptake  selectively  representing  sequestration  by  ER  [139,  140J.  The 
sections  are  simply  substituted  for  microsomes  or  homogenates  in  uptake 
assays  and  the  results  can  be  analyzed  as  either  radioactive  counts 
accumulated  by  the  sections  or  by  autoradiography  to  localize  the  accumulated 
signal  to  distinct  anatomical  compartments.  As  before,  these  assays  contain 
10fiM  digitonin  to  permeabilize  plasma  membranes.  For  anatomical  localization, 
best  results  were  empirically  obtained  using  buffers  containing  a  combination  of 
oxalate  and  chloride  as  the  co-transported  anions.  The  TG-I  Ca2*  accumulation 
can  reliably  be  measured  in  tissue  sections  of  rat  brain  and  other  organs  using 
the  oxalate-chloride  combined  anion  buffer  as  shown  in  Table  5.  The  TG-I 
component  was  determined  by  including  TG  (10  nmol/mg  protein)  in  the  uptake 
assays.  About  20%  of  the  total  Ca2+  accumulation  in  rat  brain  sections  is 
accounted  for  by  the  TG-I  component.  Similar  results  were  also  seen  when 
500pM  BHQ  or  CPA  were  utilized  (data  not  shown).  Among  the  many 
peripheral  organs  screened,  the  adrenal  gland  had  the  next  highest  level  of  TG- 
I  Ca2+  accumulation  (18.5%)  as  a  percent  of  total  Ca2+  accumulation,  in  cardiac 
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muscle,  12.6%  of  the  total  uptake  was  TG-insensitive  while  in  skeletal  muscle, 
hardly  any  TG-I  component  (1.7%)  could  be  detected.  Many  other  organs 
display  a  TG-I  component  at  intermediate  levels  ranging  from  8.9%  in  the 
kidney  to  0%  in  bladder  (Table  5).  These  results  suggest  that  the  unique 
anatomical  expression  of  TG-I  Ca2+  accumulation  may  be  associated  with 
distinct  organ  functions  and  further  supports  an  important  role  for  this  process 
in  nervous  tissue. 
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Table  5.  TG-I  Ca2*  uptake  accounts  for  a  much  greater  proportion  of  Ca2* 
uptake  activity  in  rat  brain  than  in  other  organs.  Energy  dependent  Ca2+  uptake 
was  performed  using  fresh  frozen  sections  of  several  rat  tissues  in  place  of 
microsomes  as  described  in  Methods.  Total  accumulated  ^Ca2*  in  sections  was 
determined  by  scraping  sections  from  the  slides  and  measuring  radioactivity. 
Serial  sections  were  subjected  to  treatment  with  A23187  (lOOnmol/mg)  and  TG 
(lOnmol/mg)  for  the  determination  of  the  non-specific  and  TG-I  signal, 
respectively.  Serial  sections  were  also  processed  through  the  uptake  and  wash 
procedures  but  were  used  for  the  determination  of  protein  using  concentrated 
protein  dye  as  described.  At  least  3  serial  sections  were  used  for  each  treatment 
and  for  protein  determination  and  less  than  a  3%  difference  was  observed  in 
values  obtained  from  serial  sections  within  a  treatment  group.  Highest  levels  and 
proportions  of  TG-I  were  found  in  brain  followed  by  the  adrenal  gland.  The  heart 
displayed  intermediate  levels  while  other  organs  had  much  lower  activity,  with 
the  bladder  being  the  lowest. 
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Table  5.  TG-I  45Ca2+  Accumulation  in 
Rat  Brain  and  Peripheral  Organs 

TG-I  Ca2+  Accumulation 
Organ  (%  total  accumulation) 


Brain 

20.3  +/-  1.6% 

Adrenal  gland 

18.5+/- 1.8% 

Heart 

12.6+/- 2.5% 

Kidney 

8.9  +/- 1.0% 

Lung 

8.1  +/-  0.8% 

Thymus 

6.8  +/-  1.7% 

Liver 

5.8  +/-  1.6% 

Spleen 

5.2  +/-  0.4% 

Uterus 

5.1  +/-  3.3% 

Large  Intestine 

4.8  +/-  1.4% 

Eye 

4.6  +/-  2.0% 

Pancreas 

2.5  +/-  0.5% 

Skin 

2.1  +/-  0.3% 

Skeletal  muscle 

1.7+/-  1.1% 

Bladder 

0.0  +/-  0.3% 
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Analysis  of  45Ca2*  accumulation  in  tissue  sections  via  autoradiography 
reveals  unique  anatomic  compartmentation  of  this  process  within  different 
organs.  In  the  adrenal  gland  the  majority  of  accumulated  Ca2*  is  seen  in  the 
medulla,  which  is  enriched  in  sympathetic  neurons  (data  not  shown).  Ca2+ 
uptake  is  also  seen  at  lower  levels  in  the  adrenal  cortex  with  the  zona 
granulosa  having  greater  accumulation  than  other  layers  (data  not  shown).  The 
TG-I  component  of  total  Ca2+  accumulation  by  adrenal  gland  sections  is 
predominantly  associated  with  the  medulla  (data  not  shown).  In  rat  brain 
sections,  total  Ca2*  accumulation  shows  remarkable  regional  heterogeneity  with 
distinct  enrichment  in  specific  cell  layers,  such  as  cerebral  cortex, 
hippocampus,  striatum,  and  cerebellar  cortex  (Figure  1 1 A  and  B).  TG 
selectively  inhibits  Ca2+  accumulation  into  a  number  of  these  regions,  including: 
cerebral  cortex,  striatum,  and  cerebellum.  Certain  brain  regions,  however,  are 
relatively  insensitive  to  TG  inhibition  at  doses  that  maximally  inhibit  TG-S  (see 
above).  Ca2+  accumulation  in  these  regions  thus  represents  the  TG-I  Ca2*  pool. 
This  compartment  is  highly  enriched  in  the  thalamus,  the  superior  and  inferior 
colliculi,  brain  stem,  pontine  nuclei,  and  deep  cerebellar  nuclei.  Areas 
demonstrating  very  little  TG-I  Ca2*  accumulation  include:  striatum, 
hypothalamus,  substantia  nigra,  olfactory  tubercle,  and  basal  forebrain.  While 
the  cerebral  cortex  demonstrates  both  TG-S  and  TG-I  Ca2*  accumulation,  the 
patterning  of  these  two  processes  appears  to  be  distinct.  Thus,  the  TG-S 
component  is  selectively  enriched  in  the  superficial  cortical  layers,  while  TG-I  is 
enriched  in  the  peri-collosal,  deep  cerebral  cortical  layers.  In  the  hippocampus. 
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TG-S  and  TG-I  components  are  found  in  the  pyramidal  and  dentate  gyrus  cell 
layers.  In  the  cerebellum,  very  high  levels  of  TG-S  are  associated  with  the 
cortical  layers  with  highest  levels  in  the  Purkinje  cell  layer  followed  by  the 
molecular  layer.  The  granule  cell  layer  and  deep  cerebellar  nuclei  display  lower 
levels  of  total  Ca2*  accumulation.  The  highest  TG-I  components  of  cerebellar 
Caz*  accumulation  are  associated  with  the  deep  cerebellar  nuclei  followed  by 
the  Purkinje  cell  layer.  Molecular  and  granule  cell  layers  have  lower  TG-I  Ca2* 
accumulation.  These  results  reveal,  for  the  first  time,  a  novel  compartmentation 
of  TG-S  and  TG-I  Ca2+  pools  in  rat  brain.  The  highly  unique  expression  patterns 
for  the  TG-I  pool  observed  in  our  studies  imply  a  very  important  regionally 
selective  function  for  this  process  in  the  mammalian  brain. 
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Figure  11.  Rat  brain  Ca2*  sequestering  compartments  with  distinct  sensitivities 
to  thapsigargin  are  anatomically  segregated.  Mg27ATP-dependent  45Ca2+ 
accumulation  was  performed  in  the  absence  and  presence  of  luM  TG  or  IOuM 
A23187  using  fresh-frozen  rat  brain  sections  in  place  of  microsomes  and  a  buffer 
containing  oxalate  and  chloride  as  described  in  Materials  and  Methods.  Sections 
were  analyzed  via  autoradiography  to  localize  the  45Ca2*  accumulating 
compartments  anatomically.  The  coronal  brain  sections  displayed  proceed  in  a 
rostro-caudal  direction.  45Ca2*  accumulation  is  demonstrated  by  many  structures 
of  the  brain,  is  generally  much  higher  in  grey  than  white  matter,  and  is  abolished 
by  A23187.  TG  produces  a  marked  inhibition  of  45Ca2+  accumulation  in  many 
brain  structures.  However,  many  brain  regions  demonstrate  TG-resistant  45Ca2* 
accumulation.  While  in  some  structures  Ca2*  accumulation  is  composed  of  both 
TG-S  and  TG-I  components,  other  regions  appear  to  exclusively  express  either 
TG-S  or  TG-I.  Thus,  the  cerebral  cortex  of  the  frontal  pole  (FRP)  in  panel  A 
displays  much  more  TG-S  than  TG-I  while  unique  sensitivities  of  the  main 
olfactory  bulb  (MOB)  and  anterior  olfactory  nucleus  (AON)  to  TG  are  apparent. 
The  MOB  granule  cell  layer  (MOBgr)  and  outer  plexiform  layer  (MOBopI)  appear 
to  be  enriched  in  TG-I.  Within  the  cerebral  cortex  a  unique  layering  of  the  TG-I 
component  is  apparent,  as  seen  in  panels  B  and  C.  The  cerebral  cortical  layers 
are  indicated  in  panel  B  and  the  TG-I  components  appears  most  enriched  in 
layer  6  followed  by  layer  4.  In  the  piriform  area  (PIR),  however,  layer  1  (PIR(1))  is 
most  enriched  in  TG-I.  The  taenia  tecta  (TT),  caudate-putamen  (CP),  olfactory 
tubercle  (OT),  and  nucleus  accumbens  (ACB)  have  much  higher  TG-S  than  TG-I 
while  the  claustrum  (CLA)  and  septum  (S)  have  somewhat  higher  porportions  of 
TG-I  than  these  structures.  In  panel  D,  the  hippocampus  (HIP)  and  thalamus 
(TH)  both  display  prominent  45Ca2*  accumulation  with  significant  heterogeneity 
seen  amongst  subregions.  In  the  CA1-CA3  layers  of  the  HIP,  the  pyramidal  cell 
bodies  account  for  the  majority  of  the  uptake  while  in  the  dentate  gyrus  (DG) 
granule  cell  bodies  make  up  the  major  signal.  All  hippocampal  layers  appear  to 
have  both  TG-I  and  TG-S  components.  Many  thalamic  nuclei  accumulate  45Ca2+ 
and  the  TG-I  appears  to  be  more  enriched  in  the  lateral  geniculate  (LG)  body, 
the  venteropostero-lateral  (VPL)  and  venteropostero-medial  (VPM)  nuclei  with 
lower  proportions  in  the  reticular  thalamic  (RT)  nucleus,  zona  inserta  (Zl),  and 
the  subthalamic  nucleus  (STN).  The  amygdala  nuclei  are  predominantly  TG-S. 

In  panel  E,  the  substantia  nigra  (SN)  and  ventral  tegmental  area  (VTA)  display 
more  TG-S  than  TG-I  while  distinct  enrichment  of  TG-I  are  seen  in  the  medial 
geniculate  (MG),  red  nucleus  (RdN),  and  specific  areas  of  the  superior  colliculus 
(SC)  such  as  the  deep  grey  region  (SCdg).  In  panels  F-G,  the  TG-S  and  TG-I 
appear  to  become  more  distinctly  segregated.  Thus,  while  cerebellar  cortex 
(CBC)  is  rich  in  TG-S,  panel  F  reveals  that  TG-I  predominantly  counts  for  the 
45Ca2+  accumulation  in  the  inferior  colliculus  (1C),  nucleus  of  the  lateral  lemniscus 
(NLL),  rostral  pontine  reticular  nucleus  (PRNr),  and  pontine  grey  (PG).  Similarly, 
in  panels  G  and  H  TG-I  appears  to  primarily  count  for  the  45Ca2*  accumulation 
into  the  dorsal  tegmental  nucleus  (DTN),  ventral  cochlear  nucleus  (VCO), 
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trigeminal  nucleus  (V),  principle  sensory  nucleus  of  the  trigeminal  (PSV),  the 
olivary  complex  (OLV),  the  nucleus  raphe  magnus  (RM),  deep  cerebellar  nuclei 
(DCBN),  spinal  vestibular  nucleus  (SPIV),  dorsal  cochlear  nucleus  (DCO),  medial 
vestibular  nucleus  (MV),  and  the  collection  of  nuclei  making  up  the  reticular 
formation  (RN).  The  choroid  plexus  (chp)  contains  both  TG-S  and  TG-I 
components.  White  matter  bundles  including  the  inferior  cerebellar  peduncle 
(icp),  spinal  tract  of  the  trigeminal  nucleus  (sptV),  pyramidal  tract  (py),  cortical 
spinal  tract  (cs),  cerebral  peduncles  (cp),  anterior  commissure  (aco),  and  corpus 
collosum  (cc)  display  much  lower  levels  of  45Ca2*  accumulation  but  appear  to 
have  both  TG-S  and  TG-I  components. 


FIGURE  11,  A-D 
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DISCUSSION 


We  have  characterized  a  novel  Ca2*  sequestering  compartment  which  is 
>  1000-fold  less  sensitive  to  inhibition  by  TG,  a  compound  routinely  employed 
as  a  potent  inhibitor  of  all  known  SERCA  isoforms.  TG-I  Ca2*  accumulation  by 
rat  brain  preparations  is  primarily  associated  with  microsomal  preparations  that 
are  generally  employed  for  studies  involving  ER  functions.  Rat  brain 
microsomal  Ca2*  accumulation  requires  the  presence  of  anions  which  are  co¬ 
transported  with  the  actively  sequestered  Ca2\  Very  little  is  known  about  the 
nature  of  ER-associated  anion  transporters,  although  recent  studies  have 
identified  intracellular  chloride  [112]  and  phosphate  anion  channels  [74,  93, 

1 02]  which  may  be  involved  in  this  process.  Most  studies  involving  SR  or  ER 
Ca2+  accumulation  employ  either  chloride,  phosphate,  or  oxalate  as  the  co- 
transported  anion.  The  results  shown  in  Figure  2  demonstrate  that  the  choice 
of  anion  employed  in  uptake  buffers  can  markedly  change  the  proportion  of 
Ca2+  sequestration  mediated  by  TG-S  and  TG-I  components.  While  oxalate 
and  phosphate-supported  uptake  reveals  both  TG-S  and  TG-I  components,  the 
proportion  of  the  TG-I  compartment  is  greater  with  phosphate.  With  phosphate 
buffers,  the  relative  contribution  of  TG-S  and  TG-I  to  the  total  Ca2*  accumulation 
also  varies  as  a  function  of  assay  times  (Figure  2C).  Thus,  the  TG-I  pool 
appears  to  fill  more  rapidly  and  represents  a  higher  proportion  of  overall  uptake 
when  examined  prior  to  saturation.  Since  studies  of  Ca2*  transport  vary  in  terms 
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of  both  assay  buffer  anions  and  incubation  times,  the  relative  contribution  of 
TG-I  and  TG-S  to  overall  uptake  may  not  have  been  fully  appreciated 
previously.  Chloride-supported  uptake  primarily  favors  accumulation  into  the 
TG-I  compartments  (Figure  2D).  Phosphate  and  oxalate  form  complexes  with 
the  concentrated  Ca2*  within  the  lumen  of  Ca2*  accumulating  vesicles,  and  their 
ability  to  enhance  Ca2*  uptake  based  on  this  property  has  generally  been 
suggested  as  the  reason  for  their  use  in  Ca2*  transport  studies.  Our  findings 
suggest  that  unique  anion  permeabilities  are  also  associated  with  TG-S  and 
TG-I  compartments.  The  TG-S  compartment  apparently  displays  relative 
differences  in  anion  permeability  with  oxalate  >  phosphate  >  chloride.  Our 
findings  thus  reveal  important  methodological  principles  fundamental  to  Ca2* 
transport  studies.  Oxalate  is  not  a  physiological  anion  and  the  predominant 
endogenous  anion  participating  in  Ca2*  co-transport  is  likely  to  be  phosphate. 
While  the  TG-I  component  of  phosphate-supported  Ca2*  uptake  in  whole  brain 
microsomes  represents  about  25%  of  the  total  at  saturation,  its  physiological 
contribution  may  be  much  greater  in  non-saturating  conditions  and  in  distinct 
brain  regions. 


The  mechanism  of  Ca2*  transport  by  the  TG-I  component  of  brain 
microsomes  is  unknown.  We  have  shown  that  the  TG-I  Ca2+  accumulation  has 
an  absolute  requirement  for  ATP  and  Mg2*  (Figure  4),  suggesting  the 
involvement  of  an  ion-motive  ATPase.  The  optimal  concentrations  of  ATP, 
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Mg2+,  and  also  Ca2*  for  both  TG-S  and  TG-I  uptake  appear  to  be  similar  (Figure 
5A-C).  This  suggests  that  both  TG-S  and  TG-I  uptake  mechanisms  would  be 
mutually  active  under  similar  intracellular  conditions.  The  TG-I  component  is 
also  insensitive  to  inhibition  by  the  SERCA  inhibitors  BHQ  and  CPA  (Figure  7), 
strongly  suggesting  that  the  mechanism  involved  in  Ca2+  accumulation  into  this 
compartment  does  not  involve  a  known  mammalian  SERCA  isoform.  Both  the 
TG-S  and  TG-I  mechanisms  are  inhibited  by  the  broad  ATPase  inhibitors 
vanadate  and  eosin  (Table  2).  Vanadate  inhibition  is  believed  to  be  a  relatively 
unique  feature  of  P-type  ATPases  [109].  Several  different  mammalian  ion- 
motive  P-type  ATPases  in  addition  to  SERCAs  are  known  to  transport  specific 
cations.  These  include  the  Na7K*-ATPase,  the  H7K+-ATPase,  the  PMCA,  as 
well  as  the  Cu2Mransporting  ATPases  known  as  the  Menke’s  and  Wilson’s 
disease  gene  products.  It  is  possible  that  the  TG-I  components  observed  in  our 
assays  is  in  some  way  associated  with  one  of  these  activities.  Thus,  transport 
of  Na+,  K*.  or  IT  ions  may  be  coupled  with  a  cation  exchange  mechanism 
involving  Ca2+  to  generate  the  TG-I  Ca2*  accumulation.  We  have  employed 
pharmacological  strategies  to  address  these  possibilities.  Ouabain  and 
omeprazole,  specific  inhibitors  of  the  Na7IO-ATPase  and  the  H7IO-ATPase, 
respectively,  had  no  effect  on  TG-I  Ca2+  accumulation.  Furthermore,  FCCP,  a 
hydrogen  ionophore,  and  monensin,  a  H7Na*  ionophore,  were  also  without 
effect.  These  treatments,  at  the  doses  utilized,  would  be  expected  to  eliminate 
the  ion-motive  force  driving  secondary  Ca2*  transport.  The  PMCA  can  be 
potently  inhibited  by  vanadate  and  eosin,  however,  these  inhibitors  are  not 
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specific  for  this  P-type  ATPase.  It  has  been  shown  that  the  PMCA  is  inhibited 
by  vanadate  at  concentrations  below  10pM,  while  the  SERCAs  are  not  inhibited 
under  this  condition.  This  criterion  has,  in  fact,  been  used  to  distinguish  these 
enzyme  activities  [22].  In  our  studies,  we  determined  the  apparent  ICso’s  for 
vanadate  inhibition  of  the  TG-S  and  TG-I  Ca2+  accumulation  to  be  -  100pM 
(Table  2).  Eosin  was  also  found  to  have  similar  potencies  in  inhibiting  the  TG-S 
and  TG-i  Ca2*  accumulation  with  apparent  IC50S  of  about  10pM  (Table  2). 
Inhibition  of  TG-I  Ca2*  accumulation  by  these  inhibitors  thus  can  not  specifically 
implicate  involvement  of  the  PMCA  in  this  process.  Calmodulin  is  known  to 
stimulate  several  isoforms  of  the  PMCA  at  sub-micromolar  levels,  but  had  no 
effect  in  our  Ca2*  transport  assays  at  concentrations  of  10pM  (data  not  shown) 
[21].  Furthermore,  PMCA  is  a  component  of  the  plasma  membrane  and  all  of 
our  assays  routinely  included  10pM  digitonin  which  selectively  permeabilizes 
the  plasma  membrane.  A  large  majority  of  the  studies  involving  TG-I  45Ca2* 
accumulation  in  cultured  cell  lines  also  employ  digitonin-permeabilized  cells. 

No  specific  inhibitors  are  known  for  the  recently  identified  Cu2*-transporting 
mammalian  P-type  ATPases.  Yeast  possess  a  Mn2Mransporting  P-type 
ATPase  and  a  mammalian  homologue  has  also  recently  been  identified  [30].  It 
is  possible  that  one  of  these  mechanisms  may  be  responsible  for  the  TG-I  Ca2* 
accumulation  with  Ca2+  serving  as  a  surrogate  cation  for  these  transport 
mechanism.  If  this  is  the  case,  however,  then  these  processes  may  still 
regulate  intracellular  Ca2*  homeostasis  since  in  all  of  our  assays  the  free  Ca2> 
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concentration  was  carefully  titrated  to  reflect  normal  baseline  cytoplasmic  free 
Ca2+  levels.  We  can  not  currently  exclude  the  possible  involvement  of  these 
newly  discovered  P-type  ATPases  in  TG-I  Ca2*  accumulation. 


Although  not  conclusive,  TG-I  Ca2+  accumulation  appears  to  represent 
an  intracellular  compartment.  The  relatively  minimal  loss  of  TG-I  Ca2* 
accumulation  in  brain  microsomes  as  compared  to  crude  homogenates  lends 
support  to  the  theory  that  TG-I  activity  is  an  ER-like  intracellular  compartment. 
Additionally,  as  stated  above,  digitonin  was  unable  to  effect  TG-I  Ca2*  uptake  in 
microsomal  (or  homogenate)  preparations  suggesting  that  the  membrane 
composition  of  the  TG-I  Ca2+  accumulation  compartment  is  distinct  from  that  of 
the  plasma  membrane.  The  use  of  sodium  azide  (a  mitochondrial  ATPase 
inhibitor),  low  nanomolar  free  Ca2*  in  the  assay  buffer  (well  below  the  affinity  of 
mitochondria  Ca2*  transporter),  and  freeze-thawed  tissue  preparations  (which 
disrupts  mitochondrial  function),  all  tend  to  eliminate  mitochondrial  contribution 
to  TG-I  Ca2*  accumulation  under  our  assay  conditions.  However,  the  exclusion 
of  mitochondrial  involvement  does  not  automatically  provide  evidence  that  the 
ER  is  the  source  of  TG-I  Ca2*  accumulation.  Furthermore,  the  extensive 
pharmacology  (T able  2)  used  to  examine  the  TG-I  component  cannot  assign  or 
exclude  the  identify  a  specific  subcellular  TG-I  compartment.  To  specifically 
identify  this  compartment  will  require  more  intense  subcellular  techniques,  such 
as  immunohistochemistry  and  confocal  microscopy.  The  isolation  of  the  TG-I 
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compartment  would  be  a  major  advancement  in  this  field  as  marker  studies, 
immunoprecipitation,  etc.,  could  then  be  used  to  identify  the  compartment  and 
its  parent  organelle. 


The  requirement  of  the  TG-I  Ca2+  accumulation  for  Mg27ATP  as  well  as 
its  inhibition  by  vanadate  strongly  suggests  ATPase  activity  with  the 
involvement  of  a  P-type  ATPase.  To  explore  an  association  of  TG-I  Ca2* 
accumulation  with  ATPase  activity  we  simultaneously  monitored  Ca2*- 
stimulated,  Mg27ATP-dependent  TG-S  and  TG-I  45Ca2*  accumulation  and 
inorganic  phosphate  release.  In  rat  brain  microsomes,  Ca2+  simultaneously 
stimulated  both  45Ca2+  accumulation  and  phosphate  release  from  ATP  in  a  dose 
dependent  manner  (Figure  8A).  Two  distinct  45Ca2+  uptake  and  ATPase 
activities  with  similar  Ca2*-dependent  profiles  could  be  distinguished  by  their 
sensitivities  to  TG.  This  suggests  that  the  TG-I  Ca2*  accumulation  is  indeed 
associated  with  Ca2*-stimulated  ATPase  activity.  We  also  explored  whether  a 
Ca2*-stimulated  phospho-enzyme  intermediate,  characteristic  of  P-type 
ATPases,  was  associated  with  TG-I  Ca2*  accumulation.  Phospho-enzyme 
intermediate  formation  can  only  be  detected  by  slowing  down  the  ATPase 
activity  at  4  °C.  Since  no  Ca2*  transport  occurs  under  these  conditions,  we 
determined  whether  we  could  detect  Ca2*-stimulated  phospho-enzyme  activities 
with  differential  sensitivities  to  the  SERCA  inhibitors  TG,  BHQ,  and  CPA.  Rat 
brain  microsomes  incubated  with  [y32P]  ATP  demonstrated  a  Ca2*-stimulated 
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incorporation  of  [32P]  into  TCA  precipitable  proteins  at  4  °C  (Figure  8B  and  C). 
No  signal  was  seen  in  the  presence  of  5mM  EGTA.  Concentrations  of  TG 
(500nM),  BHQ  (750pM),  and  CPA  (500pM)  which  completely  inhibit  SERCA 
activity  showed  incomplete  inhibition  of  the  Ca2*-stimulated  incorporation  of 
[32P]  into  TCA  precipitable  proteins.  Approximately  25%  of  the  phospho- 
enzyme  signal,  as  determined  by  scintillation  counting  of  aliquots,  was 
insensitive  to  the  SERCA  inhibitors.  When  these  TCA  precipitated, 
radiolabeled  fractions  were  analyzed  by  acidic  gel  electrophoresis,  a  major 
radioactive  band  was  seen  at  approximately  110  kDa  by  autoradiography. 
Although  some  low  molecular  weight  diffuse  (<  20  kDa)  radioactive  signals 
were  also  seen,  these  did  not  form  a  consistently  recognized,  distinct  protein 
band.  32P-labeling  of  the  110  kDa  band  was  abolished  by  5mM  EGTA  but  was 
incompletely  inhibited  by  the  SERCA  inhibitors.  Our  findings  demonstrate  a 
TG-insensitive  Ca2*-stimulated  Mg27ATPase  activity  and  a  Ca2+-stimulated 
phospho-enzyme  intermediate  which  is  associated  with  the  TG-I  Ca2* 
accumulation.  It  is  tempting  to  speculate  that  the  110  kDa  32P-labeled  band 
seen  in  the  presence  of  SERCA  inhibitors  is  also  responsible  for  the  Ca2*- 
stimulated  ATPase  activity  and  the  TG-I  Ca2+  accumulation.  However,  the 
identity  of  a  protein  mediating  these  associated  activities  must  await  further 
studies.  While  the  TG-I  Ca2*  accumulation,  the  TG-I  Ca2*-stimulated 
Mg27ATPase  activity  and  the  TG-I  Ca2+-stimulated  phospho-enzyme  formation 
are  all  not  inhibited  by  known  SERCA  inhibitors  this  does  not  rule  out  the 
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possibility  that  a  novel  SERCA  isoform  may  be  responsible  for  these  activities. 
The  sensitivity  of  SERCAs  to  TG  depends  on  a  critical  stretch  of  6  amino  acid 
residues  in  the  S3  stalk  segment  [151].  In  fact,  the  substitution  of  a  single 
amino  acid  within  this  region  (Giy  257  to  lie)  results  in  significant  loss  of 
sensitivity  to  TG.  CPA  was  found  recently  to  be  sensitive  to  the  same  S3  stalk 
segment  mutation  [85].  Similar  studies  have  been  not  performed  for  BHQ. 
While  it  is  conceivable  that  such  a  mutation  may  arise  spontaneously  in  cancer 
cell  lines,  this  is  unlikely  to  be  the  case  in  normal  rat  brain.  We  therefore 
speculate  that  a  novel  SERCA  isoform,  yet  to  be  discovered,  which  differs  from 
other  SERCA  isoforms  in  the  S3  stalk  segment,  may  account  for  the  TG-I  Ca2+ 
uptake.  Indeed,  a  novel  SERCA  isoform  was  recently  discovered  in 
paramecium  that  displays  a  unique  intracellular  localization  and  approximately 
50%  homology  with  mammalian  isoforms  and  is  insensitive  to  TG  inhibition  [54, 
72]. 


Intracellular  Ca2+  buffering  compartments  participate  in  both  uptake  and 
release  activities.  ER  preparations  are  known  to  contain  both  non-specific,  or 
passive,  Ca2+  leak  pathways  as  well  as  specific  Ca2*  release  pathways  involving 
known  second  messenger  activated  channels.  While  the  passive  leak 
pathways  are  poorly  understood,  the  specific  release  pathways  are  mediated 
by  various  isoforms  of  the  IP3R  and  RyR.  To  evaluate  whether  a  passive  Ca2+ 
leak  mechanism  is  associated  with  the  TG-I  Ca2+  pool,  we  performed  kinetic 
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Ca2*  flux  studies  in  which  phosphate-supported  Caz*  uptake  into  brain 
microsomes  was  allowed  to  reach  near  saturation.  At  this  point,  TG  at  a  dose 
which  maximally  inhibits  SERCA  activity  was  added  to  the  assay.  Under  these 
conditions  we  observed  a  progressive  loss  of  accumulated  Ca2*  from  the 
microsomal  vesicles  which  presumably  represents  passive  Ca2*  efflux  from  the 
TG-S  Ca2*  pool  (Figure  9).  This  observation  may  signify  that  spontaneous 
release  activity  via  such  an  efflux  pathway  occurs  continuously  during  the 
uptake  assay  but  is  masked  by  the  re-sequestration  of  Ca2+  via  ion-motive 
ATPases.  The  progressive  loss  of  accumulated  Ca2*  upon  SERCA  inhibition 
also  challenges  the  prevailing  concept  that  Ca2+  and  phosphate  form 
intraluminal  insoluble  precipitates  in  ER  vesicles  [52,  61]-  The  initial  rapid  rate 
of  Ca2+  efflux  following  TG  inhibition  appears  to  slow  progressively  to  reach  a 
new  steady  state  by  -  90  min  post  TG  addition,  which  represents  50%  of  the 
accumulated  Ca2*  at  near  saturation.  To  determine  whether  the  remaining 
sequestered  Ca2*  represented  uptake  by  the  TG-I  Ca2*  pool,  we  then  added 
1  mM  vanadate  to  the  assay  to  block  the  TG-I  Ca2*  sequestering  mechanism. 
This  resulted  in  another  phase  of  the  accumulated  Ca2+  being  released  from  the 
microsomes.  This  second  Ca2*  efflux  appears  to  represent  passive  release 
from  the  TG-I  pool,  as  it  resulted  in  complete  emptying  of  accumulated 
microsomal  Ca2\  When  ImM  vanadate  (or  ImM  eosin)  was  added  at  near 
saturation,  a  single  phase  of  release  resulting  in  complete  loss  of  sequestered 
Ca2*  was  observed.  The  initial  rates  of  release  observed  when  either  TG, 
vanadate,  or  eosin  was  added  at  near  saturation  or  when  vanadate  was  added 
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subsequent  to  depletion  the  TG-S  pool  were  very  similar.  This  may  suggest 
that  a  common  release  or  passive  efflux  mechanism  for  Ca2*  exists  on  both  the 
TG-S  and  TG-I  compartments.  When  an  artificial  Ca2+  leak  pathway  was 
introduced  into  the  microsomal  membranes  via  the  addition  of  A23187  at  near 
saturation,  a  much  more  rapid  loss  of  accumulated  Ca2*  was  observed  with 
complete  emptying  of  microsomes  within  5  min.  Our  findings  have  important 
implications  for  all  studies  that  utilize  TG  to  deplete  intracellular  Ca2*  pools. 
While  TG  treatment  of  cells  and  tissues  would  be  expected  to  induce  passive 
efflux  from  the  TG-S  compartment,  a  significant  proportion  of  this  release  Ca2+ 
may  be  subsequently  sequestered  within  the  TG-I  pool.  Changes  in 
cytoplasmic  Ca2*  levels  under  these  conditions  would  thus  reflect  the  combined 
activities  of  TG-S  efflux  and  TG-I  accumulation.  Emptying  of  TG-S  Ca2*  pools 
by  TG  treatment  (presumably  mediated  by  passive  efflux)  is  known  to  elicit  Ca2* 
influx  from  the  extracellular  environment  in  an  attempt  to  refill  the  depleted  Ca2* 
stores.  This  phenomenom,  known  as  store  operated  or  capacitative  Ca2*  entry, 
remains  poorly  understood.  A  major  unresolved  issue  involves  the  identity  of 
the  compartment  where  capacitative  Ca2*  entry  is  sequestered.  Since  this  entry 
takes  place  in  the  presence  of  TG,  we  propose  that  it  is  in  fact  the  TG-I  pool 
which  buffers  the  rise  in  cytoplasmic  Ca2*  produced  by  capacitative  influx. 


To  determine  whether  specific  second  messenger  activated  Ca2+  release 
channels  were  associated  with  the  TG-I  Ca2*  compartment,  we  determined  the 
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relative  sensitivities  of  net  TG-S  and  TG-I  Ca2+  uptake  to  IP3f  caffeine,  cADPr, 
and  NAADP,  which  are  known  activators  of  intracellular  Ca2*  release  channels. 

As  shown  in  Table  3,  all  of  these  agents  were  able  to  act  on  the  TG-S  Ca2* 
pool,  but  were  without  effect  on  the  TG-I  Ca2+  pool.  These  results  demonstrate 
that  while  the  TG-S  and  TG-I  Ca2*  pools  are  both  capable  of  energy  dependent 
Ca2+  accumulation  as  well  as  passive  Ca2*  efflux,  they  are  differentially 
regulated  by  intracellular  Ca2*  mobilizing  agents.  Previously  studies  which  have 
explored  Ca2*  release  from  the  TG-I  pool  in  cultured  cell  lines  have  presented 
inconsistent  findings.  For  example,  the  TG-I  pool  was  found  to  be  sensitive  to 
IP3  in  rat  and  dog  salivary  gland  cells,  and  DC-3F/TG-2  cells,  and  it  was 
sensitive  to  caffeine  in  rat  ventricle  isolates  and  GH-3  cells  (see  Table  1). 

Cyclic  ADP  ribose  was  reported  to  release  Ca2*  from  the  TG-I  pool  in  dog 
salivary  gland  cells,  while  NAADP  acted  on  the  TG-I  pool  in  sea  urchin  egg 
homogenates  (see  Table  1).  Several  other  studies,  however,  found  no  effect  of 
Ca2+  release  agents  on  the  TG-I  pool  (see  Table  ').  Since  the  majority  of  these 
studies  were  performed  in  cancer  cell  lines,  it  is  difficult  to  draw  conclusions 
which  would  apply  to  normal  organs.  However,  the  action  of  cADPr  on 
microsomes  of  the  dog  salivary  gland  may  suggest  that  the  TG-I  pool  is 
differentially  regulated  in  different  organs,  it  is  also  possible  that  specific  Ca2* 
release  agents  acting  on  the  TG-I  pool  are  yet  to  be  fully  appreciated  [50].  The 
lack  of  effect  of  Ca2*  releasers  on  the  TG-I  pool  also  does  not  diminish  its 
potential  importance  for  regulating  cell  biology.  Mitochondria,  for  example, 
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participate  in  Ca2*  buffering  via  uptake  and  release  but  are  not  sensitive  to  a 
known  physiologic  Ca2*  mobilizing  agent. 


Studies  describing  a  TG-I  Ca2+  pool  have  been  performed  in  a  variety  of 
different  cell  lines  and  a  few  isolated  mammalian  organ  preparations  (see  Table 
1).  Many  of  these  studies  have  inferred  the  existence  of  a  TG-I  Ca2*  pool  by 
studying  changes  in  cytoplasmic  Ca2*  concentrations  with  fluorescent  dyes  rather 
than  by  direct  determination  of  TG-I  Ca2*  sequestration.  Studies  examining  TG-I 
Ca2*  sequestration  using  45Ca2+  have  employed  widely  varying  buffers.  It  is  thus 
difficult  to  determine  whether  the  widely  varying  proportions  and  properties  of  the 
TG-I  pool  reported  in  the  literature  reflect  differences  in  assay  techniques  or  true 
differences  in  the  TG-I  pool  among  different  tissue  and  cell  types.  Having 
determined  optimal  assay  conditions  for  distinguishing  TG-S  and  TG-I  Ca2* 
pools,  we  have  explored  TG-I  Ca2*  accumulation  in  regional  brain  preparations, 
primary  brain  cell  cultures,  and  brain  cell-derived  cancer  cell  lines.  In  the  very 
first  description  of  a  TG-I  Ca2+  pool,  Verma  et  al  described  marked  differences  in 
TG-I  Ca2+  accumulation  in  regional  brain  microsomes  [139].  In  this  study,  brain 
stem  and  spinal  cord  microsomes  demonstrated  a  higher  TG-I  component  of 
total  Ca2*  uptake  than  other  brain  regions.  We  explored  this  regional 
heterogeneity  in  pig  brain  and  spinal  cord  microsomes  to  determine  whether 
similar  differences  were  also  found  in  another  mammalian  species.  We  found 
that  pig  spinal  cord  microsomes  contain  the  highest  percentage  of  TG-I  Ca2+ 
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sequestration  (24.2%)  as  compared  to  other  pig  brain  regions  (T able  4).  Brain 
stem  microsomes  displayed  higher  TG-I  proportions  (17.6%)  than  cerebellar 
microsomes  (12.1%)  which  were  similar  to  forebrain  microsomes  (1 1 .7%).  The 
similar  enrichment  of  the  TG-I  pool  in  spinal  cord  and  brain  stem  microsomes 
prepared  from  two  distinct  mammalian  species  suggests  that  the  TG-I  pool  plays 
a  prominent  role  in  spinal  cord  and  brain  stem  function. 

These  microsomal  preparations  as  well  as  the  rat  whole  brain 
homogenates  and  microsomes  in  the  present  study  represent  the  contribution  of 
a  variety  of  different  cell  types.  To  distinguish  the  contribution  of  specific  cell 
types  to  the  TG-I  pool,  we  determined  TG-I  Ca2*  accumulation  in  primary  cultures 
of  rat  cerebellar  granule  cells  and  whole  brain  astrocytes.  The  cerebellar  granule 
cells  were  found  to  have  three  times  the  level  of  TG-I  Caz*  accumulation  as 
compared  to  the  astrocytes  (Table  4).  These  results  suggest  that  the  TG-I  Ca2+ 
pool  may  have  a  unique  importance  for  neuronal  cells  as  compared  to  glial  cells. 
Intracellular  Ca2+  pools  have  been  shown  to  play  a  prominent  role  in  the  survival 
of  developing  cerebellar  granule  neurons  in  cultures  [149].  Granule  cells  display 
a  maturation  associated  change  in  the  sensitivity  of  their  intracellular  pools  to  TG 
suggesting  that  the  TG-I  Ca2+  pool  may  somehow  play  a  role  in  granule  cell 
maturation.  A  TG-I  pool  with  pharmacological  properties  very  similar  to  those  that 
we  have  observed  in  our  rat  brain  preparations  has  been  described  previously  in 
the  rat  pheochromocytoma  PC-12  cell  line  derived  from  the  adrenal  medulla 
[1 1 0].  The  amount  of  Ca2*  trapped  within  the  TG-I  pool  was  shown  to  increase 
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significantly  after  a  prolonged  elevation  of  intracellular  Ca2*  elicited  by  activation 
of  Ca2*  influx.  We  have  compared  the  TG-J  pool  in  PC-12  ceils  with  that  in  two 
neuronal  cell  lines  and  two  glial  cell  lines  derived  from  human  brain  tissues.  SH- 
SY5Y  human  neuroblastoma  cells  display  TG-I  Ca2+  accumulation  (23.1%) 
similar  in  proportions  to  that  in  PC-12  cells  (29.8%)  while  NBFL  human 
neuroblastoma  cells  had  much  lower  proportion  of  TG-I  Ca2*  accumulation 
(14.1%).  Variations  in  the  TG-I  component  of  total  Ca2*  accumulation  were  most 
obvious  between  the  U-251  human  glioblastoma  cell  line  (4.4%)  and  the  U-87 
human  glioblastoma  cell  line  (49.1%).  Since  the  differences  in  TG-I  Ca2* 
accumulation  observed  between  different  brain  regions  and  different  primary  cell 
cultures  and  cancer  cell  lines  were  seen  under  identical  assay  conditions,  they 
represent  real  differences  in  the  TG-I  contribution  to  intracellular  Ca2+  buffering. 
Differences  seen  amongst  normal  tissue  preparation  and  primary  brain  cell 
cultures  presumably  reflect  cell  and  brain  region-specific  customization  of 
intracellular  Ca2*  buffering  mechanisms.  It  is  not  yet  dear  why  cancer  cell  lines 
display  such  widely  varying  proportions  of  the  TG-I  and  TG-S  components. 
Among  the  three  neuronal  cell  lines  examined  in  our  study,  we  have  noted  that 
the  relative  cell  growth  rates  (PC-12  >  SH-SY5Y  >  NBFL)  appear  to  correlate 
with  the  level  of  the  TG-I  Ca2*  accumulation.  In  keeping  with  this  observation,  LI- 
251  cells  are  the  slowest  growing  of  all  the  cells  studied  while  U-87  cells  are  the 
fastest  (Watson  and  Verma,  unpublished  observations).  It  is  conceivable  that 
Ca2+  pools  in  highly  mitotic  cells  have  a  higher  TG-I  component.  However,  this 
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would  not  explain  the  marked  differences  in  TG-I  Ca2+  accumulation  seen  in 
different  regions  of  the  adult  mammalian  brain. 

To  examine  the  distribution  of  the  TG-I  Ca2+  pool  in  peripheral  rat  tissues, 
we  utilized  a  modification  of  the  Ca2*  uptake  assay  which  employs  the  use  of 
fresh  frozen  cryostat  tissue  sections  in  Ca2+  uptake  studies  instead  of 
homogenates  or  microsomes.  This  modification  allows  for  not  only  the 
quantification  of  ER  Ca2+  accumulation  into  various  tissues,  but  also  can  localize 
the  anatomical  distribution  of  Ca2*  accumulating  compartments  to  distinct  tissue 
elements  of  a  given  organ.  With  this  methodology,  the  TG-I  component  of  total 
ER  Ca2+  accumulation  in  different  organs  was  determined  by  monitoring  45Ca2* 
accumulation  into  sections  in  the  absence  and  presence  of  TG  (10  nmol/mg 
protein).  Brain  sections  displayed  the  highest  TG-I  component  of  total  Ca2* 
accumulation  (20%)  amongst  all  organs  examined  (Table  5).  Adrenal  gland  TG-I 
Ca2+  accumulation  (18.5%)  was  close  to  that  seen  for  brain,  with  the  heart 
displaying  the  next  highest  TG-I  component  (12.6%).  Other  tissues  displayed 
intermediate  levels  ranging  from  8.9%  in  the  kidney  to  0%  in  the  bladder. 

Although  brain,  heart,  and  skeletal  muscle  are  all  electrically  excitable  tissues 
with  prominent  SR/ER  Ca2+  buffering  activity,  only  1 .7%  of  the  skeletal  muscle 
SR  Ca2+  accumulation  was  insensitive  to  TG.  Smooth  muscle  activity  also 
requires  the  constant  participation  of  ER  Ca2*  uptake  and  release  mechanisms. 
However,  smooth  muscle-rich  tissues,  such  as  uterus,  large  intestine,  and 
bladder,  demonstrated  very  little  TG-I  accumulation  (5.1%,  4.8%,  and  0%, 
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respectively).  In  fact,  the  only  dear  association  of  the  TG-I  pool  appears  to  be 
with  nervous  tissues.  The  adrenal  gland  medulla  is  a  modified  sympathetic 
ganglion  and  the  high  proportion  of  TG-I  Ca2+  accumulation  in  this  tissue  may  be 
associated  with  this  component  (see  below).  What  function  the  TG-I  serves  in 
neuronal  tissues  is  unclear,  although  a  clearer  delineation  of  its  distribution 
amongst  different  brain  regions  could  provide  more  insight. 


To  more  accurately  localize  the  TG-I  Ca2*  accumulation  in  rat  brain  and 
adrenal  gland,  we  utilized  tissue  autoradiography  of  the  accumulated  45Ca2+  in 
tissue  sections.  In  the  adrenal  gland,  the  majority  of  accumulated  Ca2*  is  seen 
in  the  medulla,  with  lower  levels  seen  in  the  adrenal  cortex  and  the  zona 
granulosa  having  greater  accumulation  than  other  cortical  layers  (Data  not 
shown).  The  TG-I  component  of  total  Ca2*  accumulation  by  adrenal  gland 
sections  is  predominantly  associated  with  the  medulla,  which  is  enriched  in 
sympathetic  neuronal  chromaffin  cells.  This  is  consistent  with  the  high  levels  of 
TG-I  Ca2*  accumulation  seen  in  nervous  tissue  preparations  from  rat  and  pig. 

In  rat  brain  sections,  total  Ca2*  accumulation  shows  remarkable  regional 
enrichment  in  specific  cell  layers,  such  as  cerebral  cortex,  hippocampus, 
striatum,  and  cerebellar  cortex.  TG  selectively  inhibits  Ca2*  accumulation  into  a 
number  of  these  regions,  including  the  cerebral  cortex,  hippocampus,  striatum, 
and  cerebellum  (Figure  11).  Many  brain  regions  remain  insensitive  to  TG 
inhibition  at  doses  that  maximally  inhibit  TG-S  (see  above).  This  TG-I  Ca2* 
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compartment  is  highly  enriched  in  the  thalamus,  the  superior  and  inferior 
colliculi,  brain  stem,  pontine  nuclei,  and  deep  cerebellar  nuclei.  Areas 
demonstrating  very  little  TG-I  Ca2*  accumulation  include  the  olfactory  tubercle, 
basal  forebrain,  striatum,  hypothalamus,  and  substantia  nigra  (Figure  11).  . 

The  cerebral  cortex  demonstrates  both  TG-S  and  TG-I  Ca2+  accumulation, 
however,  the  patterning  of  these  two  compartments  appears  to  be  distinct.  The 
TG-S  component  is  selectively  enriched  in  the  superficial  cortical  layers,  while 
TG-I  is  enriched  in  the  peri-collosal,  deep  cerebral  cortical  layers.  In  the 
hippocampus,  the  cell  layers  contain  both  TG-S  and  TG-I  components.  In  the 
cerebellum,  very  high  levels  of  TG-S  are  associated  with  the  cortical  layers  with 
highest  levels  in  the  Purkinje  cell  layer  followed  by  the  molecular  layer.  The 
granule  cell  layer  and  deep  cerebellar  nuclei  display  lower  levels  of  total  Ca2* 
accumulation.  The  highest  TG-I  components  of  cerebellar  Ca2*  accumulation 
are  associated  with  the  deep  cerebellar  nuclei  followed  by  the  Purkinje  cell 
layer.  Molecular  and  granule  cell  layers  have  lower  TG-I  Ca2*  accumulation. 
These  results  distinguish,  for  the  first  time,  the  novel  compartmentation  of  TG-S 
and  TG-I  Ca2*  pools  in  rat  brain.  These  highly  unique  expression  patterns  for 
the  TG-I  pool  imply  a  very  important  regionally  selective  function  for  this 
process  in  the  mammalian  brain.  What  could  be  the  function  of  the  TG-I  pool  in 
these  regions?  In  general  the  brain  stem  displays  enriched  TG-I  Ca2* 
accumulation,  and  many  nuclei  in  this  region  are  involved  in  the  regulation  of 
“vegetative”  functions,  such  as  control  of  breathing  and  heart  rate.  Many  of 
these  regions  also  are  involved  in  regulating  consciousness  as  components  of 
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the  reticular  activating  system  (Figure  11).  Perhaps  the  regulation  of 
intracellular  Ca2*  in  neuronal  cells  in  these  structures  requires  distinct  buffering 
mechansims  than  those  of  other  structures.  These  unique  requirements  may 
include  the  lack  of  sensitivity  to  Ca2*  mobilizing  agents,  faster  Ca2* 
accumulation  rates  under  physiological  anionic  conditions  and  insensitivity  to 
redox  modification.  Another  possibility  is  suggested  by  the  enrichment  of  TG-I 
pool  in  brain  structures  which  integrate  a  large  number  of  neuronal  inputs.  For 
example,  spinal  cord  and  brain  stem  structures  receive  rich  innervation  from 
peripheral  as  well  as  central  sites.  The  deep  cerebellar  nuclei  receives  the 
major  output  of  the  cerebellar  cortex  via  the  Purkinje  cells.  Likewise,  the 
inferior  and  superior  colliculi  are  major  synaptic  relay  stations  for  visual  and 
auditory  information,  while  all  sensory  input  to  the  cerebral  cortex  proceeds  via 
synaptic  relays  in  the  thalamic  nuclei.  Perhaps  regions  of  high  synaptic  input 
require  unique  Ca2*  buffering  compartments,  accurate  regulation  of  neuronal 
Ca2*  levels  are  paramount  for  the  maintenance  of  synaptic  activity.  Clearly,  a 
lot  more  work  needs  to  be  done  to  understand  the  role  of  the  TG-I  Ca2* 
compartment.  While  our  fanciful  speculations  attempt  to  synthesize  functions 
for  this  compartment  based  on  what  we  have  learned  about  it  in  our  studies,  we 
hope  that  our  characterization  of  this  pool  may  someday  shed  important  light  on 
the  role  of  Ca2*  in  the  central  nervous  system. 
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TG  selectively  inhibits  Ca2+  accumulation  into  a  number  of  these  regions, 
including:  cerebral  cortex,  hippocampus,  striatum,  and  cerebellum.  Certain 
brain  regions,  however,  are  relatively  insensitive  to  TG  inhibition  at  doses  that 
maximally  inhibit  TG-S  (see  above).  Ca2*  accumulation  in  these  regions  thus 
represents  the  TG-I  Ca2+  pool.  This  compartment  is  highly  enriched  in  the 
thalamus,  the  superior  and  inferior  colliculi,  brain  stem,  pontine  nuclei,  and 
deep  cerebellar  nuclei.  Areas  demonstrating  very  little  TG-I  Ca2*  accumulation 
include:  striatum,  hypothalamus,  substantia  nigra,  olfactory  tubercle,  and  basal 
forebrain.  While  the  cerebral  cortex  demonstrates  both  TG-S  and  TG-I  Ca2* 
accumulation,  the  patterning  of  these  two  processes  appears  to  be  distinct. 
Thus,  the  TG-S  component  is  selectively  enriched  in  the  superficial  cortical 
layers,  and  TG-I  is  enriched  in  the  peri-collosal,  deep  cerebral  cortical  layers. 

In  the  hippocampus,  TG-S  is  highly  concentrated  in  the  pyramidal  and  dentate 
gyrus  cell  layers,  while  the  TG-I  shows  a  more  diffuse  distribution  not 
associated  with  cell  bodies  of  these  layers.  In  the  cerebellum,  very  high  levels 
of  TG-S  are  associated  with  the  cortical  layers  with  highest  levels  in  the 
Purkinje  cell  layer  followed  by  the  molecular  layer.  The  granule  cell  layer  and 
deep  cerebellar  nuclei  display  lower  levels  of  total  Ca2*  accumulation.  The 
highest  TG-I  components  of  cerebellar  Ca2*  accumulation  are  associated  with 
the  deep  cerebellar  nuclei  followed  by  the  Purkinje  cell  layer.  Molecular  and 
granule  cell  layers  have  lower  TG-I  Ca2*  accumulation.  These  results  reveal,  for 
the  first  time,  a  novel  compartmentation  of  TG-S  and  TG-I  Ca2+  pools  in  rat 
brain.  The  highly  unique  expression  patterns  for  the  TG-I  pool  observed  in  our 
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studies  imply  a  very  important  regionally  selective  function  for  this  process  in 
the  mammalian  brain. 
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